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Garnet growth rates have provided valuable information for understanding the 
rates of tectonometamorphic processes. In theory, during its growth, garnet records the 
decay of 87Rb within a rock matrix as steadily increasing 87Sr/86Sr from core to rim. By 
measuring the Sr isotopic zoning within garnet and matrix Rb/Sr and 87Sr/86Sr, the rate of 
garnet growth can be determined. To test this, we used ID-TIMS to measure Rb-Sr data 
for five samples from three major orogenic belts: central New England, southernmost 
Chile, and western Italian Alps. These new data introduce two major difficulties 
encountered using Rb-Sr garnet chronology: 1) Model ages are much younger than 
previous estimates of peak metamorphism (by over 100 Myr in some cases) and 2) 
garnets display an inverse Sr isotopic zoning (decreasing 87Sr/86Sr from core to rim).  
Based upon the observed younger model ages, it was postulated that the measured 
matrix data does not accurately represent the matrix reservoir from which the garnet 
grew. To further constrain the elemental and isotopic composition of the matrix, we 
measured Rb and Sr (as well as several other elements) for individual phases or mixed 
phase line traverses in the matrix using LA-ICPMS for three samples. The mixed phase 
lines indicate heterogeneities of both Rb and Sr within the matrix at scales comparable to 
garnet grain sizes. Measurements for individual phases within the matrix were used to 
calculate the matrix 87Rb/86Sr. Growth rates for those samples were calculated using the 
newly measured matrix 87Rb/86Sr and a 87Sr/86Sr that allowed garnet ages to reflect the 
published ages of metamorphism. The growth rates for three garnet crystals ranged from
vii 
 
0.24 – 3.0 mm/Myr and are geologically reasonable.  Growth rates for two samples could 
not be calculated due to the inverse zoning and must have been subjected to the addition 
of unradiogenic Sr.  
The younger apparent ages and inverse Sr zoning may be the result of post or syn-
garnet growth fluid infiltration. Alternatively, the composition of the reactive matrix may 
have been changing during garnet growth. Simple models demonstrate that if garnet was 
not equilibrating with all phases within the matrix, then measured matrix data will 
underestimate the Rb/Sr from which the garnet grew and can result in too young apparent 
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CHAPTER ONE: GARNET DIFFERENTIAL GEOCHRONOLOGY:  
BACKGROUND AND PREVIOUS WORK CONDUCTED FOR MEASURING THE 
RATE OF GARNET GROWTH 
 
Introduction 
 Establishing the P-T path of constituent rock units is critical to understanding the 
metamorphic and tectonic history of an orogen. Different tectonic settings (i.e. 
subduction, collision, extension, etc) have characteristic P-T paths with different shapes 
and directions (clockwise vs. anti-clockwise; Spear et al., 1983). Along with its shape and 
direction, it is also essential to understand the time scales associated with each P-T path. 
Garnets are an ideal mineral group for combined chronologic and thermobarometric 
research because of their ability to preserve original chemical (Spear and Selverstone, 
1989) and isotopic compositions (Christensen et al., 1989) due to low cation diffusivities 
(e.g., Burton et al., 1995; Carlson, 2006).    
This study expands upon work conducted by Christensen et al. (1989, 1994), who 
first established that differences in garnet core-rim ages could be found using the Rb-Sr 
system. Using the measured growth rates and metamorphic P-T paths, quantitative rates 
of change in pressure and temperature during prograde metamorphism were calculated. 
Until that time, the rate of prograde metamorphism had only been estimated using 
thermal models (England and Thompson, 1984), which implied regional metamorphism 
takes place over ca. 10-20 Ma.  Christensen et al. (1989) measured the rate of garnet 
2 
 
growth for several garnets within a rock from Townshend Dam, Vermont. The results of 
their study indicate total growth duration of 10.5 ± 4.2 Myr, at an average rate of 1.4 
+0.92/-0.45 mm Myr-1. These growth durations were also used to calculate a heating rate 
of 5-10 °C Myr-1. The garnets studied from this rock were approximately 3cm in diameter 
and were 1-3 cm apart from one another within the rock. Differences in the core 87Sr/86Sr 
ratios for each garnet were suggested to represent small-scale heterogeneities within the 
matrix. 
 Christensen et al. (1994) also used similar techniques to constrain the rate of 
garnet growth from several garnets within the Tauern Window, eastern Alps. The authors 
proposed that substitution of Sr into garnet is not controlled by the Ca content of the 
garnet but in fact related to the Ti, Fe3+, and/or Cr3+ content. Three analyzed garnets 
yielded growth rates of 0.67 +0.19/-0.13, 0.88 +0.34/-0.19, and 0.26 ± 0.015 mm Myr-1. 
The first two growth rates were within error of the garnet analyzed by Christensen et al. 
(1989), but the third garnet had a growth rate that was slower than previous 
measurements.  
The work of Christensen et al. (1989, 1994), however, was restricted by the fact 
that mass spectrometric methods at that time required fairly large sample sizes, which 
correlate to spatial resolutions of several millimeters. Only large garnets could be 
analyzed with few analyses across each sample. Recent advances in mass spectrometry 
allow for analysis of smaller garnet volumes with increased precision. Samples can now 
be analyzed at a spatial resolution of ≤ 1 mm and with a precision of ± 1 x 10-5, (2σ) for 
Sr isotope ratios. An increase in the number of possible analyses across each garnet 
allows for greater resolution of chronologic zoning. Several attempts have been made to 
measure growth rates since the work of Christensen et al. (Vance and O’Nions, 1990; 
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Burton and O’Nions, 1991; Wright et al., 2009; and Pollington and Baxter, 2010), some 
utilizing the Rb-Sr system, but most using the Sm-Nd chronologic system. Vance and 
O’Nions (1990) measured Rb-Sr and Sm-Nd isotopic data for several garnets from 
regionally metamorphosed metapelites from Newfoundland. The results from their study 
revealed growth rates that range from 1.3 to 19 mm Myr-1. These growth rates were 
primarily calculated using the Sm-Nd isotopic data, as some of the Rb-Sr data proved 
inconclusive. Burton and O’Nions (1991) used Sm-Nd, Rb-Sr, and U-Pb data from 
garnets from Sulitjelma, Norway. Rb-Sr geochronologic data was consistent with the Sm-
Nd and U-Pb data, however the data was not able to resolve the time interval between the 
garnets analyzed.  Burial and heating rates were estimated based upon high-resolution 
garnet chronometry between two distinct rock units. They calculated a burial rate of 0.8 
+0.9/-0.5 km Ma-1 and a heating rate of 8.6 +7.5/-4.4 °C Ma-1. 
Wright et al. (2009) measured garnet growth rates using the Sm-Nd system from 
garnets at Townshend Dam, Vermont. They used two measured garnet rim ages and took 
an average of four other garnet core ages to calculate growth durations of 7.2 ± 6.0 and 
7.2 ± 4.5 Ma, which are within error of the duration measured by Christensen et al. 
(1989).  Pollington and Baxter (2010) used Sm-Nd garnet isotopic data to measure high-
resolution garnet chronometry for garnets from the Tauern Window, eastern Alps. The 
results of their study indicated an uneven pace of garnet growth. They measured a total 
growth duration of 7.55 ± 0.52 Myr and several brief pulses of rapid garnet growth. 
This work also tests a recent hypothesis (Ague and Baxter, 2007), who used Sr 
diffusion profiles in apatite grains and Fe-Mg-Ca-Mn diffusion profiles in garnet grains 
from classic Barrovian metamorphic zones to suggest that peak thermal temperatures 
during metamorphism occurs over only a few hundred thousand years. This implies that 
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consequent mineral growth was rapid. This observation is important because the methods 
used to calculate P-T paths are dependent upon slow mineral growth rates so that the 
chemical zoning of garnets can be inverted using equilibrium thermodynamics. If garnets 
grow rapidly then equilibrium thermodynamics may not be a valid assumption and these 
models should be revisited. 
The current study presents Rb-Sr and Sm-Nd isotopic data from five garnets 
located from different geologic terranes. Calculated growth rates for some of the garnet 
samples are used to constrain rates of heating and loading for the given tectonic region. 
The isotopic and elemental data presented also provide insight into Rb-Sr systematics 
during metamorphism and fluid flow events. Models have been constructed for matrix 
isotopic values to understand the control these values have over calculating accurate 
garnet growth rates. Difficulties encountered when attempting to measure garnet growth 
rates are also explored and the implications they have for previous and future work. 
  
Rubidium-Strontium Garnet Geochronology 
 
Garnet ages can be measured using the U-Pb, Sm-Nd, Rb-Sr, and Lu-Hf systems. 
Of the 3 chronologic systems most commonly used to infer garnet ages (Lu-Hf, Rb-Sr, 
and Sm-Nd), Rb-Sr is the best for this project because Lu-Hf and Sm-Nd require more 
material, and the decay rate for 147Sm is slower than for 87Rb (Kohn, 2009).  
In nature, Rb occurs as two isotopes, 85Rb (stable) and 87Rb (radioactive), and Sr 
has four natural stable isotopes, 84Sr, 86Sr, 87Sr, and 88Sr. 87Rb decays to 87Sr through beta 
decay (β-) with a decay constant of 1.42x10-11 y-1 (Neumann and Huster, 1974; Steiger 
and Jager, 1977). Neither Rb nor Sr is a major element in most rocks, but due to 
similarities in ionic radius and charge, they will substitute within a crystal lattice for K 
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and Ca, respectively. Thus, rubidium will be relatively abundant in potassic minerals 
such as muscovite, biotite, and K-feldspar, whereas strontium will be relatively abundant 
in calcic minerals such as plagioclase, calcite, and garnet.  
The ideal mineral chronometer exclusively incorporates the parent isotope into the 
crystal lattice and excludes the daughter during crystallization, but retains any daughter 
due to slow diffusivity. Therefore, the presence of any daughter isotope must be due to 
the radioactive decay of the parent isotope, allowing an age to be calculated. This 
chronologic system should also exhibit a relatively rapid decay rate, insensitivity to 
inclusions, and high parent concentrations. The method of Rb-Sr differential garnet 
geochronology works differently than this. During crystallization, garnets almost 
exclusively incorporate Sr into the lattice relative to Rb. In this case the mineral is 
including the daughter isotope (87Sr) into the crystal while excluding the parent isotope 
(87Rb). Therefore, following crystallization, the 87Sr/86Sr ratio within the garnet should not 
change significantly. The garnet 87Sr/86Sr ratio should reflect that of the matrix at the time 
of crystallization, assuming they are in equilibrium during garnet growth. Due to the 
decay of 87Rb to 87Sr within the matrix, the 87Sr/86Sr of the matrix will continuously 
increase during garnet growth. Differences in the 87Sr/86Sr ratio across a single garnet 
crystal can be measured and used to infer a growth rate. One assumption of garnet growth 
models (Kohn, 2009) is that garnets take up very little Rb or Sr relative to the matrix so 
should not significantly affect the elemental and isotopic composition of the matrix.  This 
assumption is explored further with the collection of the garnet and matrix data. 
Figure 1.1 is a plot of time vs. 87Sr/86Sr and illustrates how the garnet and matrix 
87Sr/86Sr ratios are calculated back through time. The slopes of the evolution lines are 
controlled by the 87Rb/86Sr ratio. Time zero represents the present and therefore the 
measured 87Sr/86Sr ratios. The point at which the garnet evolution line intersects the 
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matrix line is taken to be the crystallization age of that garnet section. The difference in 
age between garnet sections is used to calculate the growth rate. 
 
Samples: Tectonometamorphic Histories 
 
Garnets chosen for this project are relatively large (> 5 mm), inclusion free, well 
characterized (i.e. compositional zoning and P-T paths), and derived from a range of 
tectonically interesting terranes. Any inclusions present were believed to be of minerals 
that would not significantly affect the Rb-Sr system. Quantitative P-T paths have been 
published using the compositional zoning of garnets from the same locations for most of 
the samples. Three of the samples analyzed were collected from different locations within 
the eastern Vermont/western New Hampshire region. The fourth sample was collected 
from the Cordillera Darwin metamorphic complex, Tierra del Fuego, southern Chile. The 
fifth sample was collected from the ultra high-pressure zone within the Dora Maira 
Massif, western Alps, Italy.  
 
Central New England 
 
Central New England can be divided into three major belts (Spear et al., 2002) 
moving from west to east: 1) the Eastern Vermont Belt (EVB), 2) the Bronson Hill Belt 
(BHB), and 3) the Merrimack Belt (MB) (Figure 1.2). Early interpretations of these belts 
(White and Jahns, 1950; Doll et al., 1961; Rosenfeld, 1968; Thompson et al., 1968; 
Thompson and Norton, 1968; Naylor, 1969, 1971; Robinson and Hall, 1980; Hatch et al., 
1983; Robinson et al., 1991) suggested that the EVB and MB were sedimentary basins 
that existed from the Silurian through Early Devonian and the BHB represents an arc 
terrane whose collision with Laurentia was responsible for the Ordovician Taconic 
Orogeny. These three belts were subsequently metamorphosed by the collision of the 
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Avalon Terrane with North America during the Acadian Orogeny. Metamorphism in this 
area is characterized by large scale westward recumbent folding and thrusting (Thompson 
et al., 1968; Robinson and Hall, 1980; Robinson et al., 1998). A reinterpretation of these 
belts, however, based primarily on metamorphic evolution (Spear et al., 2002), indicates 
the three belts had very different metamorphic and P-T histories.  
P-T paths within the EVB and the BHB differ fundamentally from each other. 
Rocks within the EVB have clockwise P-T paths and exhibit an increase in grade at 
structurally deeper levels. The rocks of the BHB display an inverted metamorphic 
sequence, and exhibit a decrease in metamorphic grade at structurally deeper levels. 
Spear et al. (2002) used metamorphic discontinuities to infer a series of thrust faults that 
were not previously mapped and concluded that the Bronson Hill Belt is a series of 
nappes. A major fault boundary between the BHB nappes and the EVB is inferred by the 
juxtaposition of higher-grade rocks (BHB) against lower-grade rocks (EVB) and has been 
termed the Western New Hampshire Boundary Thrust (WNHBT) (Spear et al., 2002) 
(Figure 1.3). To gain a better understanding of the differences in the P-T histories of both 
the EVB and BHB, we have chosen three samples from this area: two within the EVB 
and one from the BHB. 
 
K93-1s  
Sample K93-1s was collected from the Ottauquechee Formation at the 
Townshend Dam spillway, on the western flank of the Athens Dome within the EVB, in 
SE Vermont (Fig 3). Rocks from this outcrop have also been studied by Christensen et al. 
(1989); Chamberlain and Conrad (1991, 1993); Kohn and Valley (1994); Whitney et al., 
2008 and Wright et al. (2009). Peak metamorphic conditions experienced by this rock are 
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well constrained at 550-600oC and 8-9 kbar (Kohn and Spear, 1990; Kohn and Valley, 
1994).  
  This sample was collected and analyzed by Kohn and Valley (1994). Garnets 
from this rock show core-rim decreases in Xsps and Fe/(Fe+Mg) and increases in Xalm and 
Xprp (Fig. 4), and grew during an increase in temperature of 60°C. Changes in pressure 
were calculated from rocks within a different horizon in the same outcrop and showed an 
increase of 1-1.7 kbar during garnet growth. P-T changes were determined with the 
assumption that garnet grew in equilibrium with muscovite + chlorite + paragonite + 
quartz + plagioclase + epidote.  
It is assumed that garnets grew up to peak metamorphism. Vance and Holland 
(1993) reported a U-Pb garnet rim age of 377.8 ± 3.4 Myr from garnets within a different 
outcrop. Wright et al. (2009) published two Sm-Nd garnet rim ages at 372.8 ± 5.7 Myr 
and 372.8 ± 4.0 Myr, from within the Pinney Hollow Formation, which is the next unit 
structurally upward from the Ottauquechee Formation and was synchronously deformed 
and metamorphosed. Irwin (1994) published 40Ar/39Ar cooling ages of 360 Ma for K-
bearing inclusions within a garnet rim from Pinney Hollow. Several 40Ar/39Ar hornblende 
cooling ages have also been reported, ranging from 376-380 ± 2.0 Myr (Karabinos and 
Laird, 1988; Laird et al., 1991; Laird and Kunk, 1993). This places peak metamorphism 
at approximately 373 – 380 Myr. 
 Sample K93-1s is from the same horizon as garnets analyzed by Christensen et 
al. (1989). The garnet chosen from this rock had a diameter of ~23 mm. Inclusions in this 
garnet are mostly ilmenite and quartz, but minor chlorite and apatite are present. The 
garnet is surrounded by a matrix of muscovite + chlorite + paragonite + quartz + 
plagioclase + epidote + monazite. Quartz is most abundant within the pressure shadows 
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next to the garnet porphryoblast. Oxygen isotope zoning is consistent with closed-system 




Sample K92-9i is also located within the EVB but was collected from the 
Strafford Dome in east central Vermont. Rocks of the Strafford Dome consist of the 
Waits River Formation, Gile Mountain Formation and Standing Pond Volcanics. Sample 
K92-9i is from the Waits River Formation, which is a Siluro-Devonian metasedimentary 
package. Menard and Spear (1993, 1994) used the Gibbs method to determine P-T paths 
for several samples throughout the Strafford Dome.  Sample K92-9i was not among those 
analyzed, but the P-T paths derived for their sample TM534 will be used for our sample 
K92-9i since they are the same metamorphic grade. TM534 is located within the Gile 
Mountain Formation, which is the next unit structurally upward from the Waits River 
formation. Menard and Spear (1993) computed nearly isobaric heating of 50°C for 
sample TM534 (Figure 1.5).  
The timing of metamorphism for rocks of the Strafford Dome is believed to be 
similar to that of sample K93-1s (Rosenfield, 1968; Ratcliffe et al., 1992; Menard and 
Spear, 1994) because they are both located on the flanks of two major domes within the 
EVB.  The garnet analyzed from this rock has a diameter of ~17 mm, fairly inclusion free 
and was surrounded by a medium grained graphitic matrix. 
 
D84-1a 
Sample D84-1a was collected from the Littleton Formation within the Big 
Staurolite Nappe of the BHB in west central New Hampshire. The Big Staurolite Nappe 
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is located just east of the WNHBT (Figure 1.3). The P-T path used for D84-1a was 
calculated by Kohn et al. (1992) from hand sample (D84-1c) of the same rock. The P-T 
path for this rock differs considerably from the two samples described above. Garnets 
from the Big Staurolite Nappe exhibit decreasing Xsps, increasing Xalm, slightly increasing 
Xpyr, nearly unzoned Fe/(Fe+Mg), and a slight decrease Xgros from core to rim (Fig 6). The 
calculated P-T path for this sample shows initial heating of about 5°C and decrease in 
pressure of 0.2 kbar, followed by nearly isothermal loading of 1.3 kbar (Figure 1.7). The 
isothermal loading is believed to represent the bulk of garnet growth.  
Zircons collected from several gneisses in this region yield ages of 400 ± 3 Ma 
(Aleinikoff and Moench, 1987), 395 ± 10 Ma (Moench, 1989), 410 ± 5 Ma (Moench and 
Aleinikoff, 1991), and 407 ± 5 Ma (Kohn et al., 1992). The age measured by Kohn et al. 
(1992) was interpreted to be the crystallization age of magmatic overgrowths.  Because 
these rocks were deformed during D1  (nappe-stage) deformation, the timing of D1 
metamorphism must have occurred syn- or post-crystallization. A U-Pb zircon age of 380 
± 5 Ma was measured from a pluton in central Massachusetts that crosscuts the D1 fabric 
but shows evidence for deformation during D2 metamorphism (Ashwal et al. 1979).  
40Ar/39Ar cooling ages range from 350-160 Ma (Harrison et al., 1989; Spear and Harrison, 
1989).  Garnets from within the Big Staurolite Nappe are believed to have grown during 
D1 deformation, between 380 and 405 – 410 Ma.  
The garnet chosen for analysis had a diameter of about ~ 9 mm. This sample was 
sheared and rotated with quartz trails throughout the garnet. These inclusions were not 
removed because quartz should not affect the measured isotopic composition of the 
garnet. The garnet was surrounded by a fine grained matrix of biotite + chlorite + 
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plagioclase + quartz + muscovite + ilmenite. Unpublished oxygen isotope data are 
consistent with closed system behavior. 
 
Cordillera Darwin Metamorphic Complex, Tierra Del Fuego, Chile 
Located within Tierra del Fuego, the Cordillera Darwin Metamorphic Complex 
(CDMC) is the only known exposure of high-grade Cretaceous metamorphic rocks in the 
Southern Andean Province. These rocks represent classic Barrovian metamorphism with 
increasing metamorphic grade structurally downward. Kohn et al. (1992) calculated 
several P-T paths for rocks in this area. Metamorphism of the CDMC is associated with 
the closure of a back arc basin (Dalziel and Cortes, 1972; Herve et al, 1979, 1981; Nelson 
et al., 1980; Dalziel, 1981, 1986) that began around 100-120 Ma (Dott et al., 1977).  
In the CDMC Paleozoic basement rocks are overlain by Jurassic to mid-
Cretaceous cover rocks, all of which are intruded by late Cretaceous felsic plutonic rocks 
(Figure 1.8). D1 and D2 deformation events affected both the core and cover rocks and 
therefore must have occurred post deposition of the Mesozoic cover (Nelson et al., 1980). 
Exposure of the core is accommodated by a detachment fault, inferred along the Beagle 
Channel by the juxtaposition of low-grade rocks to the south against high-grade rocks to 
the north (Figure 1.8). The presence of the detachment fault is further supported by 
kinematic indicators located on either side of the channel, which exhibit a downward top 
to the south sense of movement (Dalziel and Brown, 1989).  
 
SP9G 
 Sample SP9G was collected from the basement rock within Cordillera Darwin 
(Figure 1.8). Garnets grew mostly during D2 back and exhibit a core to rim increase in 
XAlm and XPrp and a decrease XSps, and XGrs, with the majority of these variations occurring 
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within 0.5 mm of the rim (Kohn et al., 1992; Figure 1.9). Heating of 80-100°C and 
loading of ~1 kbar with peak conditions at ~575 °C and 7 kbar (Kohn et al., 1992; Figure 
1.10) took place during garnet growth, with most P – T changes occurring in the outer 0.5 
mm of the garnet rim (Kohn et al., 1992). Oxygen isotope zoning in garnets is consistent 
with an absence of fluid infiltration during metamorphism (Kohn et al., 1993). 
 Peak metamorphism in this area has not been directly dated.  Undeformed 
plutonic rocks that crosscut the metamorphic fabrics south of the CDMC have been dated 
at 80-90 Ma (Halpern and Rex, 1972; Halpern, 1973; Hervé et al., 1984; and Suarez et 
al., 1985). Therefore, peak metamorphism must have occurred prior to this. 40Ar/39Ar 
cooling ages in this area have been calculated at 70 ± 1 Ma for muscovite and biotite and 
75 ± 2.0 Ma for hornblende (Kohn et al., 1995).  
 The garnet chosen from this rock was approximately 11 mm in diameter and is 
surrounded by a coarse grained matrix composed of biotite + muscovite + plagioclase + 
quartz + staurolite + ilmenite + chlorite. Inclusions in this garnet are mostly ilmenite and 
quartz. 
Dora Maira Massif, Western Alps, Italy 
The Dora Maira Massif (DMM) is located within the Piemontese zone of the 
Penninic Domain of the western Alps and is one of three internal crystalline massifs in 
this area. Late Cretaceous- early Tertiary closure of the Tethyan Ocean and subsequent 
collision of the African and Eurasian continents metamorphosed  these rocks during the 
Alpine Orogeny (~34 Ma) (Castelli and Compagnoni, 2009). The western Alps 
experienced two major metamorphic events during the Alpine Orogeny: and earlier high 
pressure to ultra-high pressure (HP-UHP) metamorphic event, and a later lower pressure 
event that extensively overprints the older event. However, rocks of the Dora Maira 
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Massif (DMM) among several other localities have preserved a record of the earlier UHP 
metamorphic event. 
The massifs are composed primarily of Variscan metamorphic basement rocks, 
which are intruded by Permian granitoids. Locally the granitoids grade into augen 
gneisses within shear zones, which also contain lenses of Mg-rich whiteschists. The 
whiteschists are believed be derived from the granitoids, but were locally metasomatized 
along the shear zones pre- and syn-regional metamorphism (Gebauer at al., 1997; 
Compagnoni and Hirajima, 2001).   
 
 Whiteschist  
 The sample of whiteschist (W.S.) was collected from the well documented Case 
Ramello/Parigi locality within the Brossasco-Isasca Unit (BIU), Dora Maira Massif, 
western Alps (Figure 1.11). The BIU consists of augen gneiss grading to medium to fine 
grained orthogneiss and includes discontinuous layers of the pyrope-bearing whiteschist. 
The whiteschist contains large pyrope crystals within a matrix of quartz + phengite + 
kyanite + rutile. Chopin (1984) first discovered the presence of metamorphic coesite as 
inclusions within the garnet. He also noted other (U)HP minerals such as pyrope, jadeite, 
and kyanite. The P-T path for these rocks follows a fairly narrow looped clock-wise path. 
Maximum T is believed to be 750 ± 30 °C (Chopin, 1984). Pressures are believed to have 
reached 4.0 GPa, which is well within diamond stability (Figure 1.12) (Castelli et al., 
2007) and is equivalent to a depth of ca. 130 km.  
Rubatto and Herman (2001), used U-Pb titanite ages to constrain peak 
metamorphism at 35 ± 0.9 Ma. They also distinguished two later phases of titanite growth 
during decompression at 32.9 ± 0.9 Ma and 31.8 ± 0.5 Ma. The exhumation rate of the 
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BIU has been very well documented using the above titanite ages as well as fission track 
(Gebauer et al., 1997), however, the rate of prograde UHP metamorphism remains 
unknown.  
The garnet chosen from this rock was the largest of the samples collected (~ 30 
mm). However, only a portion of the garnet was collected and its true size is unknown. 
Consequently, a total growth duration cannot be calculated but a growth rate may still be 
determined.  Also due to the near end-member composition of this garnet (Pyp0.98) there is 
no compositional zoning to calculate the P-T changes during garnet growth. Compagnoni 







For chronologic analysis a ~ 1 mm wide strip was first cut through the center of 
the 1 – 2 mm garnet thick sections using a slow speed microsaw. This strip was then 
removed and mounted on a second glass slide using acetone-soluble glass glue and 
incrementally cut every 1.5 mm (Figures 1.13-1.17). The blade thickness was ~0.25 mm 
so each resulting cube of garnet was approximately 2-4 mm3. Sample K93-1s(a) was 
initially cut at these dimensions, resulting in 16 subsamples. These were later combined 
into 8 subsamples to represent larger intervals (~2.5 mm) (Figure 1.13). Sample K92-91 
was cut into 10 subsamples (Figure 1.14) and sample D84-1a yielded 6 subsamples (Fig 
15). The volume of garnet present in each subsample of D84-1a was much smaller than 
the other garnets due to the presence of quartz throughout the garnet. Sample SP9G was 
~12 mm in diameter and was cut into 7 subsamples (Figure 1.16).  The sample W.S. was 
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initially cut into ~ 2 mm3  subsamples, but because the garnet has very little Ca and 
therefore Sr, it was re-sampled at much larger intervals (~ 1.5 mm) and ~ 2mm wide 
(Figure 1.17). This resulted in two large (~ 6 mm3) samples from this garnet.  
 
Sampling: Matrix 
Garnet-free matrix was also sampled near each garnet, assuming it represented the 
isotopic reservoir from which the garnet grew. This was not difficult because all of the 
garnets used for this study were much larger than the typical grain size of the surrounding 
matrix. A larger volume of matrix was obtained for each sample as to ensure 
homogeneity (100s mg). The samples were then powdered and a split of the powder was 
analyzed. Weights for each garnet subsample and matrix samples are given in Table 1.  
 
Magnetic Separator/Hand Picking for sample K93-1s 
Upon final analysis, garnet from K93-1s showed unexpected 87Rb/86Sr and 
87Sr/86Sr values. It was hypothesized that silicate inclusions (epidote) in the garnet 
influenced the isotopic data. This garnet was re-sampled, K93-1s (a), using the opposing 
face from the original cut. A second thick section was made and sub-sampled as 
discussed above. Each sub-sample was crushed with a mortar and pestle, but left fairly 
coarse (~ 0.5 - 1 mm). Garnets are relatively hard, and grain boundaries between garnets 
and any inclusions are planes of weakness, so this procedure was fairly successful at 
separating inclusions.  
Each sample was run through a Franz magnetic separator. The first separation was 
at a side tilt of 15° and forward tilt of 25° with the magnet set at 0.25 A and effectively 
removed any inclusions with a lower magnetic susceptibility (i.e. apatite and epidote) 
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than garnet. The second separation was done at a side tilt of 15° and forward tilt of 30° 
with the magnet set to ~0.18 A separating garnet (non-magnetic) from ilmenite 
(magnetic). Each sub-sample was then handpicked to remove any remaining inclusions. 
Micro-inclusions may still exist within the garnet, for example minor ilmenite was still 
included in some garnet fragments. This mineral is should not affect the measured Rb-Sr 
isotopic data significantly and, therefore, was not a priority mineral to be removed.  
 
Sulfuric Acid Leach 
The garnet samples were crushed into a fine powder using a mortar and pestle and 
leached with sulfuric acid (H2SO4) for several days using the procedure described by 
Anczkiewicz and Thirlwall (2003). Leaching eliminates any possible non-silicate micro 
inclusions in the garnets that could affect the measured 87Rb/86Sr and 87Sr/86Sr, especially 
apatite. Only half of K93-1s samples (1a-4a) were leached while the second half (5a-8a) 
was not to test whether or not the leaching process affected the garnet or the chemistry 
process in any way. Matrix samples were not leached. 
About 1.45 mL of H2SO4 was added to each sample in a Savillex beaker. They 
were capped, sonicated for 15-30 minutes, and left on a hot plate at 150-200 °C for 2-3 
days. They were then transferred to centrifuge tubes and centrifuged for ~30 min. The 
liquid was then decanted and samples were repeatedly rinsed with MQH2O, sonicated, 
centrifuged and decanted (4 or 5 times). Beakers were each rinsed once with ethanol, 
acetone and nitric acid with MQH2O rinses in between each step. The rinsing process 
ensures no H2SO4 was left behind as it may interfere with later chemistry procedures and 
cannot be dried (the H2SO4 boiling point exceeds the melting point of Teflon). Samples 





All of the following lab procedures were conducted in and following the methods 
of the Boise State University Isotope Geology Lab (BSU IGL) facilities. Samples were 
spiked with well-calibrated and highly pure 84Sr-87Rb and 150Nd-149Sm spikes. The 
samples were then dissolved using hot plate dissolution. First, 1 mL of concentrated nitric 
acid (HNO3) and 3 mL of concentrated hydrofluoric acid (HF) were added to the samples 
and left in closed Savillex beakers on a hot plate at ~150 °C for 2-3 days. Afterward, 
1mL of concentrated HNO3 was added, and samples were dried on the hot plate and with 
an overhead heat lamp. Once dry, 0.5 mL of concentrated HNO3 was added and they 
were re-dried. This step was repeated once more to ensure no fluoride crystals had 
formed. The samples were then completely dissolved in 6M hydrochloric acid (HCL) 
overnight on a hot plate.  
 
Primary Cation Chromatography 
87Rb and 87Sr have unresolvably similar masses, so they must first be chemically 
separated before being analyzed. This was done using primary cation chromatography. 
The columns used for this procedure were 6 mm diameter Teflon PFA columns filled 
with an Analytical Grade Cation Exchange Resin (Biorad AG50W - x8) with a mesh size 
of 200-400 when dry. Each column was filled with approximately 5.65 mL of this resin, 
corresponding to a 20 cm resin height in 4M HCL. 
Due to the small sample sizes, the garnets were more sensitive to  contamination. 
Consequently, extra cleaning steps were taken as a precaution before column chemistry 
was performed.  The columns were placed in a bath of 4M HCL with enough acid to 
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cover the bottom of the columns. They were then sonicated for approximately one hour. 
This step was taken to ensure the frit and cap at the bottom of the column were clean. The 
columns were then backwashed with MQH2O (using fresh MQH2O for each column) and 
then cleaned with ~110 mL of 6M HCL. The columns were backwashed a second time 
(also using fresh MQH2O for each column). From here the BSU IGL primary cation 
chromatography procedure was followed.  
The BSU IGL currently has 12 primary cation separation columns. Several rounds 
of chemistry were performed to process all of the samples for this study. With each round 
of chemistry performed, a blank sample was also processed. The blanks are a known 
quantity of the spikes described above in an empty beaker and carried through the process 
of dissolution and column chemistry. Once the blanks were analyzed via mass 
spectrometer, any contamination that may have occurred during the chemistry process 
could be accounted for and subtracted from the garnet analyses.  
 
Clean-up Chemistry 
After the primary columns, the Rb and Sr separates were further purified using 
column chemistry procedures. Rb clean up was performed using smaller columns but 
filled with the same resin as the primary columns. This procedure uses a more dilute HCl 
(0.6 M) to further separate Rb from any other elements that may have been eluted during 
primary separation. For these columns approximately 3mL of the resin was used. The 
extra cleaning steps mentioned above were also taken for these columns. Sr clean up was 
performed using 50 or 10 µL columns filled with Eichron Sr spec 50-100 µm resin. The 
BSU IGL procedure was also followed for this. No extra cleaning steps were required 




REE Column Separation 
The primary column procedure will separate Rb from Sr fairly effectively, but 
does not, however, separate Sm from Nd. A second Rare Earth Element (REE) column 
separation is needed.  The REE columns are 4 mm diameter Savillex PFA columns filled 
with approximately 1.25 mL of 50-100 µm Eichrom Ln-Spec resin. No extra cleaning 
steps were required for this method because the columns are housed in a 0.18M HCl acid 
bath. Only a few samples from each garnet and most of the matrix samples were 
separated for Sm-Nd. This was done to test whether there was enough measurable 
material present and, if so, whether the garnet was isotopically zoned in these elements.   
 
ID-TIMS 
All samples were analyzed using the Boise State University isotope dilution 
thermal ionization mass spectrometer (ID-TIMS). Rb and Sr samples were loaded onto a 
rhenium center filament by dissolving the sample dot in 2 µL of phosphoric acid. They 
were dried onto the filament and 3 µL of a TaO2 – H3PO4 gel was added on top of the 
sample and dried again. Rb samples were run on the TIMS at approximately 1.5-1.7A (or 
until a 400-800 mV beam was reached), with the faraday cups set for masses 84, 85, 86, 
87, and 88 and measuring the 87Rb/85Rb ratio. The Sr samples were run at ~3.0-3.5A, or 
until the beam was 3-4V. The faraday cups were set to the same masses as Rb and 
measured 86Sr/88Sr, 87Sr/88Sr, and 84Sr/86Sr in a 3 cycle dynamic routine.  
Nd fractions were analyzed using a rhenium triple filament assembly, where the 
sample was loaded in H3PO4 on to the two side filaments. Samples were run at 5 A for the 
center filaments and 2.3 A for the side filaments, or until a 3 V 144Nd beam was reached.  
Faraday cups were rotated through three settings of masses 140 - 148, 141 - 149, and 142 
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– 150 and measured 142Nd/144Nd, 143Nd/144Nd, 145Nd/144Nd, 146Nd/144Nd, 148Nd/144Nd, 
150Nd/144Nd. 
Sm fractions were loaded onto a rhenium center filament in H3PO4 with a TaO2 – 
H3PO4 gel. Faraday cups were set for masses 146-150, 152, 154-156 and measured 
147Sm/152Sm, 148Sm/152Sm, 149Sm/152Sm, 150Sm/152Sm, 154Sm/152Sm. Samples were run at 3.4 
A or until a 200 mV beam of 147Sm was reached. 
 The conditions above for all Rb, Sr, Sm, and Nd fractions are the ideal voltages. 




The Boise State University laser ablation inductively coupled mass spectrometer 
system (LA-ICPMS) was used to gain a better understanding of the elemental 
composition of the matrix. These were collected with a 675 µm line length and 30 µm 
spot size, at 15 µm/sec and 20 Hz. All analyses measured the following isotopes: 23Na, 
25Mg, 27Al, 29Si, 31P, 39K, 43Ca, 45Sc, 47Ti, 49Ti, 55Mn, 57Fe, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 133Cs, 
137Ba, 138 Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 160Gd, 163Dy, 165Ho, 166Er, 
169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 206Pb, 207Pb, 208Pb, 232Th, and 238U. Lines were collected for 
individual phases within the matrix or as mixed phase lines across the matrix, depending 
upon the grain size and the ability to distinguish individual phases. High mica content 
prevented a pristine polish, and individual phases were sometimes difficult to distinguish 
due to the optics and scale of the laser. The phases were later inferred by using relative 
differences between the major elements present. Analyses were calibrated to the NIST 
610 standard and normalized to silicon.  
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Figure 1.1. Strontium evolution diagram showing time vs. 87Sr/86Sr and how it is used to measure the rate of 
garnet growth. Subscripts 1, 2, and m represent the garnet core, garnet rim, and matrix values, 
respectively. S’1 and S’2 represent the apparent initial 87Sr/86Sr ratio of that garnet sample. t1and t2 are 





Figure 1.2. Generalized map of the major tectonic terranes of New England from Spear et al. (2002).  Grey box 
indicates approximate location of Figure 1.2. MS = Middlebury Syncline; GMA = Green Mountain Anticline; 




Figure 1.3. Geologic Map and locations for the three central New England samples. Modified from Spear et al. 
(2002). AD = Athens Dome; BHB = Bronson Hill Belt; CD = Chester Dome; EVB = Eastern Vermont Belt; MB = 















Figure 1.5. P-T path of sample TM534 taken from within the garnet isograd on the flank of the Strafford Dome, 






























          
 
Figure 1.7. P-T path of sample D84-1c and therefore D84-1a, as they are the same rock. Box indicates possible P-
T conditions during retrograde metamorphism. Aluminosilicate phase diagram for reference 











Figure 1.8. Geologic map of the Cordillera Darwin metamorphic complex and location of sample SP9G. 









Figure 1.9. Compositional zoning of garnet core-rim from sample SP9G (Kohn et al., 1992). Shaded region 





































         
 
Figure 1.10. P-T path of sample SP9G. Aluminosilicate phase diagram for reference (Holdaway, 1971). Modified 










Figure 1.12. Estimated P-T paths of the Alpine UHP metamorphism of the Brossasco-Isasca Unit, Dora Maira 
Massif. Modified from Castelli et al. (2007). Dashed curve is the P-T path calculated by Chopin and Schertl 
(1999), dash-dot curve is the P-T path calculated by Herman (2003), and solid line is the P-T path calculated by 























Figure 1.13. Sample K93-1s(a). (A) Garnet that was studied outlined in white. (B) Strip that was sub-sampled. 






























Figure 1.14. Sample K92-9i. (A) Garnet that was studied outlined in white. (B) Strip that was removed and sub-














































Figure 1.15. Sample D84-1a. (A) X-ray map of garnet; shadow across center of garnet is an artifact of poor 
polishing. (B) Strip that was removed and sub-sampled as labeled. Red lines in lower picture indicate edge of 
































Figure 1.16. Sample SP9G. (A) Garnet that was studied outlined in white. (B) Strip that was removed and sub-




























Figure 1.17. Sample W.S. with the two larger samples cut from this garnet outlined in white. Red line shows 
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CHAPTER TWO: GARNET DIFFERENTIAL GEOCHRONOLOGY: 
VARIABILITY OF EFFECTIVE MATRIX COMPOSITIONS AND ITS EFFECTS ON 




Early work by Christensen et al. (1989) explored the ability to measure the rate of 
garnet growth using differences in the 87Sr/86Sr ratio across a single garnet. Garnets 
passively record the initial 87Sr/86Sr matrix ratio (assuming they are growing in 
equilibrium) by primarily including Sr and excluding Rb. Since 87Rb decays to 87Sr within 
the matrix during garnet growth in a simple closed system, the core of the garnet will 
have a lower 87Sr/86Sr ratio than the rim. To calculate a crystallization age for each section 
of a garnet, isotopic ratios for a garnet-free matrix must also be measured.  Christensen et 
al. (1989) experienced difficulty measuring matrix data that gave accurate absolute garnet 
crystallization ages and addressed the problem by modifying the matrix data until a 
garnet core age equaled the assumed age of peak metamorphism. Their study resulted in a 
calculated growth rate of 1.4 +0.92/-0.45 mm Myr-1 and a total growth duration of 10.5 ± 
4.2 Myr. Subsequently, several studies have attempted to measure garnet growth rates 
using the Rb-Sr and Sm-Nd isotopic systems (Vance and O’Nions, 1990; Burton and 
O’Nions, 1991; Christensen et al., 1994; Baxter et al., 2008; Wright et al 2009; 
Pollington et al., 2010).  
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In this study we present isotope dilution thermal ionization mass spectrometry 
(ID-TIMS) Rb-Sr and Sm-Nd isotopic data for garnets and their associated matrix from 
two pelitic schists of the Acadian orogen of New England. We also present laser ablation 
inductively coupled mass spectrometry (LA-ICPMS) to better understand the 
composition of the matrix. These new data illustrate the sensitivity of estimates of 
isotopic compositions of matrix material to modal abundance, and its effects on the 
calculated growth rate. Matrix isotopic compositions were modeled to understand their 
control over achieving accurate garnet growth rates. This study shows how small 
measurable differences in the isotopic composition of the matrix can result in variable 
ages and calculated growth rates.  
 
Geologic Background 
Rocks utilized in this study were sampled from two locations within the Eastern 
Vermont Belt (EVB) in central New England, which record metamorphism and 
deformation associated with the Acadian Orogeny (White and Jahns, 1950; Doll et al., 
1961; Rosenfeld, 1968; Thompson et al., 1968; Thompson and Norton, 1968; Naylor, 
1969,1971; Robinson and Hall, 1980; Hatch et al., 1983; Rosenfeld et al., 1988; 
Christensen et al., 1989; Tucker and Robinson, 1990; Ratcliffe et al., 1992; Chamberlain 
and Conrad, 1991,1993; Kohn and Valley, 1994; Spear et al., 2002; Wright et al., 2009). 
The age of peak metamorphism in the eastern Vermont belt has been constrained at 380 
Ma (Karabinos and Laird, 1988; Laird et al., 1991; Laird and Kunk, 1993; Vance and 
Holland, 1993; Irwin, 1994; Wright et al., 2009), with P – T conditions reaching 8 – 11 
kbar and 550 – 600 ºC (Kohn and Spear, 1990; Ratcliffe et al., 1992; Armstrong and 
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Hames, 1993; Kohn and Valley, 1994). Garnet nucleation occurred at ~ 500 – 525 ºC and 
grew to peak metamorphism (Kohn and Valley, 1994).  
Sample K93-1s is a pelitic schist collected from the Ottauquechee Formation on 
the western flank of the Athens Dome, Townshend Dam, Vermont (Figure 2.1). This 
sample was collected and studied by Kohn and Valley (1994) and is believed to be 
similar to that analyzed by Christensen et al. (1989). Christensen et al. (1989) measured 
garnet growth rates of 1.4-0.45+0.92 mm Ma-1 and a total growth duration of 10.5 ± 4.2 Ma, 
which compares well with thermal model calculations of amphibolite facies heating rates 
(England and Thompson, 1984). 
Rocks from this outcrop have also been studied by Chamberlain and Conrad, 
(1991, 1993), Kohn and Valley, (1994), Whitney et al. (2008), and Wright et al., (2009). 
Wright et al. (2009) measured garnet growth durations using the Sm-Nd system from 
garnets within the Pinney Hollow Formation, which structurally overlies the 
Ottauquechee Formation. They reported two garnet rim ages of 372.8 ± 5.7 and 372.8 ± 
4.0 Ma and took an average of four other garnet core ages (380 ± 3.5 Ma) to calculate 
growth durations of 7.2 ± 6.0 and 7.2 ± 4.5 Ma. These growth durations are within error 
of the duration measured by Christensen et al. (1989).  
The garnet crystal of K93-1s utilized in this study was  ~23 mm in diameter. 
Inclusions in the garnet are mostly ilmenite and quartz with minor chlorite, apatite, and 
epidote. The matrix consists of muscovite + biotite + chlorite + paragonite + quartz + 
plagioclase + monazite + ilmenite.  
The second sample chosen for this study, K92-9i, was collected from the Waits 
River Formation (a Siluro-Devonian metasedimentary package) along the western flank 
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of the Strafford Dome, VT (Figure 2.1). These rocks are garnet-staurolite grade. The 
garnet analyzed had a diameter of ~17 mm and appeared to be fairly inclusion free except 




K93-1s was sampled twice, each from thick sections (~ 2 mm thick) of opposing 
faces, which were cut through the center of the garnet orthogonal to the foliation. The 
garnet was then incrementally sampled along a continuous strip from rim to opposing 
rim. For the first sub-set (K93-1s 1-10), the garnet strip was sampled at 2 mm increments 
and resulted in 10 sub-samples (Figure 2.2). The second sub-set (K93-1s 1a-8a) was 
sampled at 1.5 mm increments and resulted in 16 sub-samples. These were later 
combined into 8 sub-samples to ensure sufficient material for analysis (Figure 2.3). Using 
similar techniques, K92-9i was cut and sampled at 1.5 mm intervals resulting in 10 sub-
samples (Figure 2.4). 
Sub-samples 1a – 8a of K93-1s were coarsely crushed, magnetically separated, 
handpicked to remove inclusions, and powdered. Sub-samples 1a – 4a were leached with 
sulfuric acid to remove any potential phosphate minerals included in the garnet 
(Anczkiewicz and Thirlwall, 2003). Sub samples 5a – 8a were not leached to test whether 
leaching significantly affected the resulting isotopic ratios. All sub-samples of K92-9i 
and K93-1s (1-10) were powdered and leached. One or more garnet-free matrix splits 
from each rock were also prepared. Garnets are larger than matrix minerals, so this 
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process was not difficult. To ensure homogeneity, a larger mass (100s mg) of matrix was 
sampled, powdered, and split for analysis. 
All of the following lab procedures were performed at the Boise State University 
radiogenic isotope geology lab (BSU IGL) according to standard methodology. Samples 
were spiked with mixed 87Rb-84Sr and 149Sm-150Nd tracers, dissolved, and processed 
through primary cation column chemistry. Rb and Sr fractions were collected for all 
samples. Rare earth element (REE) column chemistry was also used to separate Sm and 
Nd. A secondary chemical procedure purified the Rb and Sr fractions. Due to the small 
sample size, garnet fractions were more sensitive to contamination during the chemistry 
process and a few additional cleaning procedures were performed for the primary 
columns and Rb columns. A detailed description of the chemistry and mass spectrometer 
methods are given in Chapter 1 of this thesis.  
Garnet model ages were calculated using the formula: 
                                                                          Eq. 1.1 
 
 Eq. 1.2 
Where:                            
                                                          























































































































































To better characterize the composition of the rock matrix, several traverses were 
collected using the BSU LA-ICPMS across a polished thick section of each rock sample. 
Two approaches were required depending upon the apparent average grain size of the 
matrix and the ability to achieve a pristine polish. An integrated measurement of matrix 
composition was attempted by collecting 675 µm line scans across the K92-9i matrix 
using a laser diameter of 30 µm (Figure 2.5). Due to high mica and graphite content in of 
K92-9i, a pristine polish was not achieved and individual phases were difficult to 
distinguish at the scale of the laser. For sample K93-1s, compositions were measured by 
collecting 675 µm line scans across individual phases within the matrix. All lines were 
background corrected and calibrated to the NIST 610 standard. Since the LA-ICPMS 
cannot measure the 87Sr/86Sr ratio accurately, only the matrix 87Rb/86Sr was determined 
with this method. 87Rb/86Sr values were calculated using equation 1.3. Concentrations of 
Rb, Sr, and 12 other trace elements were also measured by background subtraction, silica 
normalization, and calibrated to the NIST 610 standard. 
 















































































































For sub samples 1 – 10 the Sm-Nd isotopic data are presented in Table 2.2.1. 
Garnet Sm concentrations ranged from 3.4 to 12.5 ppm and Nd concentrations ranged 
from 17.4 to 65. 9 ppm. Matrix Sm and Nd concentrations were 8.7 to 12.0 ppm and 43.0 
to 62.8 ppm, respectively. Individual garnet fractions have only minor variations in 
Sm/Nd and, the 143Nd/144Nd values between core (5 and 6) and rim (1, 2, and 10) are 
unresolvable within respective uncertainties. Isotopic ratios for rock matrix samples are 
similar to those measured for the garnet.  
Rb-Sr data for K93-1s 1-10 are given in Table 2.2. Rb and Sr concentrations 
within the garnet range from 0.0 to 40.2 and 7.1 to 27.1 ppm, respectively. Samples were 
discarded if the 87Rb/86Sr ratio was higher than 0.3; these splits may have been influenced 
by inclusions (sub-samples 1, 4, 5, and 10). These four sub-samples have Rb and Sr 
ranges of 0.3 – 6 ppm and 5 – 30 ppm, respectively. Rb and Sr concentrations for matrix 
samples were much higher than those measured for garnet at 60.3 and 145.7 for sample 
‘M3’ and 277.4 and 126.3 for sample ‘M,’ respectively. Low concentrations of Rb and Sr 
within the garnet imply that garnet growth did not appreciably change the matrix 
87Rb/86Sr ratio. 
 Since the garnet portions contain variable 87Rb/86Sr ratios the measured 87Sr/86Sr 
will not necessarily show a simple core – rim pattern of increasing 87Sr/86Sr. To compare 
the 87Sr/86Sr values of the garnet, the initial isotopic composition for each sample has 
been estimated using the known age of metamorphism. Moving from the geometric core 
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(6) to near rim (9) the initial 87Sr/86Sr ratios are 0.714020, 0.714067, 0.714183, and 
0.714150. Sample 3 has an 87Sr/86Sr of 0.713996. That is, this garnet displays a trend of 
increasing 87Sr/86Sr from core to near rim, but then a decrease near the garnet rim (Figure 
2.6). Using the matrix composition ‘M,’ garnet model ages range from 200.6 to 203.6 
Ma. These ages are 180 Myr younger than the known age of metamorphism. Using 
matrix composition ‘M3’ models ages range from 414.8 to 434.2 Ma and are about 35-55 
Myr older than the known age of metamorphism. 
Due to the presence of inclusions, this garnet was re-analyzed as described earlier. 
Table 2.2 shows the Rb-Sr data for samples K93-1s 1a-8a. The garnets contained 
concentrations of Rb ranging from 1.1 to 2.0 ppm and Sr ranging from 17.0 to 30.2 ppm. 
Rb and Sr concentrations between leached and non-leached samples did not differ 
significantly, suggesting the leaching process did not significantly influence the 
chemistry process  
Since garnet should be relatively Rb poor, samples with unusually high 87Rb/86Sr 
values (2a, 3a, and 4a) were discarded assuming that silicate or fluid micro inclusions 
affected the apparent isotopic compositions. These samples are not included in further 
discussion. If its composition is responding solely to the ingrowth of 87Sr in the matrix, 
the garnet should have a systematic increase in the measured 87Sr/86Sr ratio from core to 
rim. Moving from the geometric core (5a) to the rim (8a) the initial 87Sr/86Sr ratios are 
0.714085, 0.713962, 0.714055, and 0.714095. The second rim sample (1a) has an initial 
87Sr/86Sr of 0.714279.  If the garnet core is placed at sample 6a rather than the geometric 
center (5a) than the garnet displays the predicted increase in the 87Sr/86Sr ratio moving 
from core to rim (Figure 2.7). 
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 Samples ‘M’ and ‘M3’ are the two matrix samples analyzed from this rock. tM 
and tM3 are the model ages for garnet sub-samples calculated using the above formula for 
both sets of matrix data, along with their associated errors. Using the matrix sample ‘M’, 
the calculated garnet crystallization ages range from 203.9 ± 0.1 to 195.7 ± 0.2 Ma (Table 
2.2). This is approximately 180 – 200 Myr younger then the known age of metamorphism 
for this rock (~380 Ma; Karabinos and Laird, 1988; Laird et al., 1991; Laird and Kunk, 
1993; Vance and Holland, 1993; Irwin, 1994; Wright et al., 200). Using matrix sample 
‘M’ samples 1a, 6a, and 8a have younger model ages than either 5a or 7a (Figure 2.7).  
Using the matrix value ‘M3’ the model ages ranged from 415.1 ± 1.0 to 437.8 ± 
0.5 Ma (Table 2.2), which is 35-50 Myr years older than the expected age of 
metamorphism. Model ages using sample ‘M3’ show a different pattern than those 
calculated using sample ‘M’ (Figure 2.7). Sample 6a is clearly the oldest, 5a, 7a, and 8a 
are intermediate, and 1a is the youngest.  
 
K92-9i 
 Rb-Sr data for sample K92-9i are given in Table 2.2. Garnet Rb and Sr 
concentrations for this sample ranged from 0.003 to 0.02 ppm and 3.3 to 1.0 ppm, 
respectively. Matrix Rb and Sr concentrations were considerably higher at 65.3 and 753.3 
ppm, respectively. Low concentrations of Rb and Sr within the garnet imply that garnet 
growth did not significantly affect the 87Rb/86Sr ratio within the matrix.  
 Samples that contained a higher than average 87Rb/86Sr ratio have been discarded 
for the same reasons as indicated from the previous sample (2,3, 6, and 10). Garnet initial 
87Sr/86Sr values (at 380 Ma) ranged from 0.710209 ± 0.000014 to 0.0710531 ± 0.000014 
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and shows a core to rim decrease in 87Sr/86Sr  (Figure 2.8). Crystallization ages for each 
garnet sample were calculated using matrix sample ‘M,’ and range from 379.0 ± 2.4 Ma 
for the core to 495.2 ± 1.8 Ma for the rim, i.e. an inverse age progression (Table 2.2).  
Sm-Nd isotopic data for the core, near rim, and matrix sample were also analyzed. 
Concentrations of Sm are ~ 0.5 ppm and Nd concentrations range from 1.8 to 2.1 ppm, 
respectively and are lower than concentrations in the matrix at 16.3 ppm and 65.5 ppm, 
respectively (Table 2.2.1). Isotopically, however, the garnet and matrix values do not 
differ significantly. Initial 143Nd/144Nd isotopic ratios for the core and rim are 0.512054 ± 
0.000027 and 0.511979 ± 0.000018, respectively, and exhibit a slight core to rim 
decrease, similar to the measured 87Sr/86Sr data.  
 
Composition of the Matrix Using LA-ICPMS 
K93-1s 
The 87Rb/86Sr ratio for K93-1s has been calculated using LA-ICPMS to analyze 
individual phases within the matrix and calculating a weighted average based upon the 
modal abundance of each phase. Results for lines within individual phases and their 
averages are given in Table 2.3. Modal estimates used are given in Table 2.4 The 
calculated 87Rb/86Sr ratio is 4.09 ± 0.05. Since the 87Sr/86Sr value cannot be precisely 
determined through LA-ICPMS this ratio was estimated so that the garnet rim had a 
model age of 380 Ma. Calculated model ages using this matrix composition (M4) are 
given in Table 2.6. Based upon the model ages sample 6a appears to be the garnet core 
with the oldest age of 385.8 ± 2.5 Ma. Sample 5a, 7a and 8a have similar ages at 383.5 ± 
2.5, 383.9 ± 2.4, and 383.4 ± 4.6 Ma, respectively. The second rim sample (1a) has the 
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youngest age at 380.0 ± 2.5 Myr. Errors on the model ages are larger due to a larger error 
on the 87Rb/86Sr ratio, but this is a systematic increase in the error and therefore should 
not affect the Δt between garnet samples. Between the garnet core and samples 5a and 7a 
the average garnet growth rate was 0.7 +1.2/ -0.7 mm Myr-1. The garnet continued to 
grow to the rim samples 8a and 1a at an average rate of 3.0 +8.6/ -2.4 mm Myr-1. 
 
K92-9i 
 For this sample, LA-ICPMS was used to gain a better understanding of the Rb/Sr 
values of the matrix. Because of a poor polish, minerals could not be identified at the 
scale of the laser. Several ‘mixed-phase’ lines were run across the matrix parallel to the 
garnet-matrix boundary, where each subsequent line moved orthogonally closer to the 
garnet (Figure 2.5). Rb and Sr concentrations ranged from 280 to 830 and 1,300 to 
24,300 ppm, respectively (Table 2.5). The concentration of both Rb and Sr within the 
matrix increases towards the garnet grain boundary, with Sr increasing by an order of 
magnitude. This could represent piling up of Sr near the garnet during garnet growth, or 
mineral segregation spatially associated with the garnet, or both. Irrespective of cause, it 
may have resulted in Sr isotope disequilibrium during metamorphism. 
All of the calculated 87Rb/86Sr values exceed those measured via ID-TIMS, 
ranging from 0.3 ± 0.2 to 0.8 ± 6 (Table 2.5) vs. an ID-TIMS value of ~0.25. There is no 
significant trend in the 87Rb/86Sr ratio relative to the position from the garnet. But there is 




Exploring the Relationship between Matrix Composition and Growth Rates 
ID-TIMS and LA-ICPMS data it illustrate the difficulty in estimating the isotope 
ratios of the reservoir from which the garnet grew. Figures 2.9 and 2.10 are examples of 
Sr-evolution diagrams illustrating how differences in either the matrix 87Rb/86Sr (lines M1 
and M2) or 87Sr/86Sr (lines M2 and M3) could affect the Δt between garnet samples. 
These models demonstrate how sensitivity to matrix composition differs when garnet 
samples have either different 87Rb/86Sr (Figure 2.9) or similar 87Rb/86Sr (Figure 2.10). In 
either case, if the measured matrix does not accurately represent the reservoir from which 
the garnet grew, the result would not only be inaccurate absolute model ages but also 
inaccurate growth rates from the Δt between garnet samples.  
Growth rate models were developed using the rim (1a), 5a, and matrix (M3) from 
sample K93-1s to explore the sensitivity of the calculated growth rate to variabilities 
within the matrix during the growth of garnet. Using the equations described in the 
methods, section model ages were calculated for the garnet core and rim. These two ages 
were then subtracted to calculate the Δt between each sample. The two-point Δt is used as 
a proxy for growth rate, since the larger the Δt between the two samples the faster the 
growth rate. Five models were constructed for this study. The first two demonstrate the 
change in Δt as a function of matrix 87Rb/86Sr and 87Sr/86Sr assuming different garnet 
87Rb/86Sr, as measured. Matrix values were initially set to the values measured via ID-
TIMS and one variable, either matrix 87Rb/86Sr (Figure 2.11) or 87Sr/86Sr (Figure 2.12), 
was systematically changed. The next two models also demonstrate Δt as a function of 
matrix 87Rb/86Sr and 87Sr/86Sr, but assume the garnet samples have similar 87Rb/86Sr, 
0.025. The matrix 87Rb/86Sr and 87Sr/86Sr ratios are not independent variables and these 
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models are designed only to gain insight to the sensitivity of calculated growth rates to 
these ratios.  
Figure 2.11 illustrates Δt as a function of matrix 87Rb/86Sr. For 87Rb/86Sr ratios 
ranging from 1.0 to ~1.8, Δt increases rapidly. For 87Rb/86Sr ratios greater than ~1.8, Δt 
decreases. This model indicates strong sensitivity of ∆t (i.e. growth rate) to minor 
changes in the 87Rb/86Sr ratio, when data are nearly co-linear (low matrix 87Rb/86Sr). Δt is 
insensitive at high matrix 87Rb/86Sr, because the slope is controlled by the difference 
between model ages of each garnet sample and when 87Rb/86Sr is high these differences 
are smaller.  
Δt as a function of 87Sr/86Sr follows an inverse linear relationship where Δt 
decreases as matrix 87Sr/86sr increases (Figure 2.12). The matrix 87Sr/86Sr ratio seems to 
have a larger control over changes in ∆t because smaller changes in 87Sr/86Sr (0.717 to 
~0.722) result in a larger range of ∆t (0 to ~50 Ma). The slope and position of both lines 
(Figures 2.10 and 2.11) is directly related to the difference between the 87Rb/86Sr ratios of 
the two garnet samples. In the model with constant garnet 87Rb/86Sr, ∆t continuously 
decreases as matrix 87Rb/86Sr increases (Figure 2.13). When 87Sr/86Sr increases the 
resulting ∆t’s are virtually identical (Figure 2.14), i.e. the calculated growth rate is 
insensitive to matrix 87Sr/86Sr.  








Rb-Sr data for sample K93-1s (1a – 8a) illustrate the difficulties in determining 
garnet growth rates. Two garnet-free matrix samples analyzed reveal different isotopic 
compositions, which yield inaccurate garnet absolute crystallization ages. Using matrix 
sample ‘M’ model ages are much younger than the known age of metamorphism, 
reflecting very high 87Rb/86Sr (6.3558 ± 0.006) measured. Accidental sampling of a 
particularly mica-rich zone of the rock may have caused the elevated 87Rb/86Sr ratio. The 
second matrix sample (‘M3’) resulted in ages that were older (415.1 ± 1.0 to 437.8 ± 0.5 
Myr) than the known age of metamorphism.  
These matrix compositions must not completely represent the reservoir 
composition from which the garnet grew and most likely reflect smaller reservoirs within 
the total matrix composition. The measured matrix samples may have also been subjected 
to changes in the 87Rb/86Sr post garnet growth. To achieve a matrix composition that 
reflects the total reservoir from which the garnet grew two modeled matrix compositions 
were calculated. One used LA-ICPMS to constrain the matrix 87Rb/86Sr ratio and the 
second used a mixture of the TIMS-measured matrix compositions.  
The matrix composition measured with LA-ICPMS resulted in an uneven pace of 
garnet growth. Initially the garnet grew at a rate of 0.7 +1.2/ -0.7 mm Myr-1, then garnet 
growth became much faster at a rate of 3.0 +8.6/ -2.4 mm Myr-1.  The results of the model 
ages also suggest that the garnet core is not located in the geometric center of the garnet. 
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The two different model ages for both garnet rim samples also indicates non-radial garnet 
growth. 
A second matrix composition was also modeled and averaged the two TIMS-
measured matrix compositions so the age of the garnet rim is ~380 Ma. In this mixed 
matrix model, model ages for samples 1a, 5a, 6a, 7a, and 8a are 380.0 ± 0.9, 392.8 ± 0.4, 
402.3 ± 0.4, 393.9 ± 0.4, and 392.6 ± 0.5, respectively (Table 2.6). Based upon those 
model age’s sample 6a is interpreted to be the garnet core. The growth rate from sample 
6a to 5a and 7a is 0.3 ± 0.01 mm Myr –1 and a growth rate of 0.81 ± 0.08 mm Myr-1 is 
calculated between samples 5a and 1a. These growth rates are significantly different than 
those calculated using the LA-ICPMS matrix composition. 
An additional complexity, that may explain the apparently inaccurate matrix data, 
could be that the garnet was not equilibrating with every phase within the matrix and 
therefore the measured whole rock does not accurately represent the effective matrix 
from which the garnet grew. Garnet reactive minerals have been shown to have differing 
diffusivities and closure temperatures that vary depending upon rock mode (Jenkin, 1997, 
Jenkin et al., 1995, 2001). For example at low garnet nucleation temperatures biotite 
which has a high Rb/Sr, will always communicate with garnet, but plagioclase (low 
Rb/Sr) may not and muscovite (intermediate Rb/Sr) probably will not. Garnet may be 
growing over conditions that prevent communication with plagioclase, except for the 5-
10% by volume of plagioclase that is consumed in order to grow garnet, or alternatively 
plagioclase may progressively communicate with garnet, either by increasing rates of 
diffusion or by recrystallization. Figures 2.16-2.18 were constructed to demonstrate the 
effect of different matrix mineral reactivities. Figures 2.17 and 2.18 demonstrate the 
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potential garnet Sr-evolution during a growth duration of 10 Myr, over which the reactive 
plagioclase content increased either linearly (2.16) or geometrically (2.17). A linear 
increase in plagioclase content (Fig. 2.16) results in normal garnet donation, but with an 
apparent rate of garnet growth that steadily (and spuriously) decreases. By increasing the 
plagioclase content geometrically (i.e., doubling the reactive plagioclase content every 1 
Myr; Fig. 2.17), garnet evolution lines initially demonstrate normal zoning, but after 5 
Myr garnet donation reverses. Using either garnet growth model (Fig. 2.18), the 
measurable whole rock composition still results in inaccurate absolute model ages and 
growth rates.  
Growth rate models were conducted in order better understand the sensitivity of 
garnet to a changing matrix composition. These models demonstrate that Δt can vary with 
minor fluctuations of the matrix isotopic composition. The sensitivity to the matrix 
composition is also dependent upon relative differences between garnet 87Rb/86Sr ratios. 
When garnet samples have similar 87Rb/86Sr ratios, the growth rates are most sensitive to 
the matrix 87Rb/86Sr and the value of the matrix 87Sr/86Sr does not affect the calculated Δt. 
But when garnets have differing 87Rb/86Sr ratios calculated growth rates are sensitive to 
both matrix 87Rb/86Sr and 87Sr/86Sr ratios.  
Independent of apparent age and calculated growth rate, both measured and 
modeled matrix compositions display the same pattern of garnet growth. The garnet grew 
at an uneven pace, where initial growth was much slower than later growth. Also non-
radial crystal growth is observed. Non-radial garnet growth has been hypothesized to 
occur as a result of the grain boundary pathway, i.e. double-grain boundary or triple-grain 
boundary (Daniel and Spear, 1998; Spear and Daniel, 2001). But it remains unclear if this 
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 Garnet Rb-Sr isotopic data reveals a systematic decrease in 87Sr/86Sr from core to 
rim. Although the apparent core age is similar to the expected age of metamorphism 
(~380 Ma; Karabinos and Laird, 1988; Laird et al., 1991; Laird and Kunk, 1993; Vance 
and Holland, 1993; Irwin, 1994; Wright et al., 200), the geologically unrealistic age of 
the rim also suggests open-system behavior. This observed core to rim decrease might 
suggest the garnet is not growing in equilibrium with the matrix and/or the sample has 
interacted with fluids. A major fluid flow event has been documented within the Waits 
River formation (Barnett and Chamberlain, 1991; Ferry, 1992; Stern et al., 1992; Hames 
and Menard, 1993). It has been proposed that this event caused dissolution and re-
precipitation of some garnet rims that are in equilibrium with the fluid and evolving 
matrix during this event (Hames and Menard, 1993). However, this process occurred at 
the micron scale with the affected garnets having a distinct texture not observed in 
sample K92-9i. 
 Results of LA-ICPMS analysis within the matrix for this sample suggest that Rb 
and Sr may have a slower intergranular diffusion rate resulting in increasing 
concentrations near the garnet rim. This may also be the result of a change in mode 
surrounding the garnet, but still implies a heterogeneity within the matrix and would also 
impact the ‘effective’ matrix from which the garnet was growing. It has already been 
shown that some elements, e.g. Ca, may not always equilibrate during metamorphism and 
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garnet growth (Barnes and Carlson, 2001; Carlson, 2006; Chernoff and Carlson, 
1997,1999; Wilbur and Ague, 2006; Watson and Müller, 2009), and Sr and Rb may 
behave similarly. The 87Rb/86Sr ratio calculated using LA-ICPMS differed depending 
upon the line analyzed. Overall, the ratios measured exceeded the ratio measured via ID-
TIMS. The differing 87Rb/86Sr ratios also indicate heterogeneities within the matrix on the 
scale of the garnet crystal.  
These heterogeneities within the matrix may be evidence for a changing matrix 
composition with slow Sr diffusion and also be the cause for the observed inverse 
87Sr/86Sr zoning pattern within the garnet. As previously stated due to low diffusivities the 
garnet may not be equilibrating with more than 5-10 % of the total matrix plagioclase and 
even less muscovite. In that case, if garnet initially grows in equilibrium with 5% of the 
plagioclase and then, due to higher temperatures, the rim grows in equilibrium with 10% 
of the total plagioclase the result would be an apparent inverse garnet 87Sr/86Sr zoning 
(Figure 2.17). This was also calculated using the values given in Table 2.7 and assuming 
garnet has a low Rb/Sr. However, the scale of the inverse 87Sr/86Sr zoning calculated in 
the model is much smaller than what is observed in sample K92-9i. So some other 
mechanism may be adding unradiogenic Sr to the system. This model also uses average 
pelitic schist values, so the actual matrix composition and its changes over time would 
have been different. 
The observations discussed for sample K92-9i dictate that a detailed study of this 
sample and similar rocks is needed to gain a better understanding of Rb and Sr 
systematics within the matrix during metamorphism. It remains unclear from this data set 
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whether the observations represent anomalous behavior or a more widespread 
heterogeneity within the matrix.  
 
Conclusion 
 The results of this study illustrate the two major complexities involved in the 
measurement of accurate garnet growth rates. First, analyzed samples reveal both too 
young and too old crystallization ages. Secondly, one sample (K92-9) also displays a 
reversed Sr-isotopic zoning to what is expected. The first problem encountered appears to 
be the result of the matrix data not accurately representing the reservoir from which the 
garnet grew. In order to further constrain the matrix composition, both LA-ICMPS and 
matrix models where used, each revealing contrasting growth rates. 
 Apparent inaccurate matrix data may not necessarily result from an inability to 
measure the whole rock matrix accurately, but in fact the measured matrix may not 
represent the effective matrix from which the garnet grew. Simple models were 
constructed using average pelitic schist compositions to test the effects of this. These 
models can explain both too young and too old ages as well as inverse garnet 87Sr/86Sr 
zoning. Slower diffusivities may prevent the garnet from equilibrating with more than 5-
10% total volume of plagioclase (the amount consumed during garnet growth) and even 
less with muscovite. So measured matrix compositions would be underestimating the 
isotopic composition from which the garnet was actually in equilibrium with.  
Despite different model dependent apparent ages and numerical growth rates, a 
clear pattern of garnet growth does emerge for one of the samples studied, K93-1s. 
Sample K93-1s displays an uneven pace of garnet growth. The garnet core is not in the 
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geometric center of the crystal and one half of the garnet apparently grew slower than the 
other. This may explained by differences in grain boundaries surrounding the garnet. It 
could also be the result of changing matrix compositions and the availability of material 






























Table 2.1. Sm-Nd isotopic values measured for K93-1s and K92-9i. Positions of each 
















































Sample Sm (ppm) Nd (ppm) 147Sm ± 2s 143Nd  ± 2s 144Nd 144Nd 
K93-1s 
1 9.056 47.370 0.1156 2 0.512137 3 
2 5.920 30.993 0.1155 2 0.512138 3 
5 7.240 38.014 0.1151 2 0.512138 3 
6  12.469 65.878 0.1144 2 0.512136 3 
10 3.411 17.374 0.1187 2 0.512148 3 
M 11.963 62.815 0.1151 2 0.512110 3 
M2 8.666 42.950 0.1220 2 0.512139 5 
K92-9i 
2  0.484 2.093 0.1397 3 0.511979 18 
5 0.530 1.836 0.1744 3 0.512054 27 









87Rb ± 2σ  87Sr ± 2σ  87Sr tM (Ma) terror (Ma) tM3 (Ma) terror (Ma) 86Sr 86Sr 86Srt 
K93-1s 
1 0.031 4.4 18.9  0.6777 0.0007 0.717599 6 0.713933 188.0 0.1 486.7 0.9 
3 0.030 0.8 8.6  0.2558 0.0003 0.715380 7 0.713996 200.6 0.1 434.2 0.5 
4 0.029 1.5 13.4  0.3130 0.0003 0.715606 7 0.713912 199.9 0.1 444.3 0.5 
5 0.024 40.2 27.1  4.2885 0.0043 0.735090 6 0.711886 -78.7 0.2 315.7 0.3 
6 0.017 1.0 15.4  0.1829 0.0002 0.715009 5 0.714020 202.5 0.1 428.7 0.4 
7 0.017 0.8 19.7  0.1238 0.0001 0.714736 6 0.714067 203.6 0.1 422.9 0.4 
8 0.015 0.7 18.9  0.1087 0.0001 0.714771 7 0.714183 202.7 0.1 414.8 0.4 
9 0.030 0.3 8.3  0.0904 0.0001 0.714639 7 0.714150 203.6 0.1 416.4 0.4 
10 0.012 3.4 7.1  1.3884 0.0014 0.720963 7 0.713451 167.3 0.1 -86.9 2.1 
1a 0.001 1.9 18.0  0.3094 0.0003 0.715953 24 0.714279 195.7 0.2 415.1 1.0 
2a 0.005 5.9 8.8  1.9402 0.0019 0.723514 8 0.713016 147.7 0.1 218.9 0.6 
3a 0.010 1.6 5.5  0.8290 0.0008 0.718295 7 0.713810 184.4 0.1 554.0 1.5 
4a 0.009 1.3 4.7  0.7724 0.0008 0.718328 17 0.714149 182.1 0.2 475.0 1.7 
5a 0.015 1.1 17.5  0.1854 0.0002 0.715088 7 0.714085 201.7 0.1 424.3 0.4 
6a 0.014 1.6 17.0  0.2735 0.0003 0.715441 7 0.713962 200.5 0.1 437.8 0.5 
7a 0.013 1.2 30.2  0.1189 0.0001 0.714698 7 0.714055 203.9 0.1 423.5 0.4 
8a 0.016 2.0 25.2  0.2294 0.0002 0.715336 9 0.714095 200.3 0.1 425.6 0.5 
M3 0.051 60.3 145.7  1.1968 0.0012 0.721200 8 0.714725 - - - - 
M 0.108 277.4 126.3  6.3558 0.0064 0.732782 5 0.698393 - - - - 
K92-9i 
1 0.015 0.00 3.3  0.0000 0.0000 0.710209 11 0.710209 435.4 1.8 - - 
2 0.016 3.34 20.9  0.4622 0.0005 0.716588 6 0.714087 1587.6 2.4 - - 
3 0.015 0.05 1.2  0.1188 0.0001 0.710425 11 0.709782 711.3 3.4 - - 
4 0.016 0.00 1.0  0.0146 0.0000 0.710348 9 0.710269 421.1 1.6 - - 
5 0.015 0.01 1.6  0.0222 0.0000 0.710531 14 0.710411 379.0 2.4 - - 
6 0.017 0.02 1.2  0.0566 0.0001 0.710460 9 0.710154 471.3 2.1 - - 
7 0.039 0.01 1.5  0.0270 0.0000 0.710408 7 0.710262 425.6 1.5 - - 
8 0.017 0.00 2.0  0.0045 0.0000 0.710224 9 0.710199 439.3 1.6 - - 
9 0.019 0.02 1.1  0.0393 0.0000 0.710272 8 0.710059 495.2 1.8 - - 
10 0.015 0.41 5.0  0.2376 0.0002 0.711897 185 0.710611 -725.1 504.6 - - 
M 0.053 65.25 753.3  0.2506 0.0003 0.711763 6 0.710407 - - - - 
 
Table 2.2. Rb-Sr isotopic values measured for K93-1s and K92-9i. Model ages are calculated using the associated 
matrix isotopic composition for the related sample. Column for 87Sr/86Srt are the estimated initial ratios at 380 











Table 2.3. Modal estimates for K93-1s. 
 
Line 
87Rb ±1σ                       
      
86Sr Rb  Sr   Ti   Y   Zr   Nb  Ba   La  Ce   Nd   Sm  Pb Th U 
K93-1s 
Biotite 
16 5.1 0.2 67.8 42.9 794.2 5.1 1.7 0.8 179.8 11.4 29.3 9.8 1.8 14.8 0.6 0.5 
                                  
  Chlorite 
17 5.0 0.2 2.0 0.9 384.7 0.8 2.8 0.1 0.8 1.1 3.2 1.2 0.3 3.1 - 0.1 
                                  
  Plagioclase 
11 0.5 0.1 27.9 282.4 166.8 1.4 1.3 0.7 51.0 3.5 8.6 3.2 0.5 43.2 0.1 0.2 
13 0.1 0.0 4.7 267.0 17.7 0.3 1.9 0.0 7.4 0.5 1.3 0.5 0.1 45.3 0.1 0.1 
15 0.3 0.1 25.9 269.9 67.2 11.2 4.0 0.4 28.6 87.8 189.1 74.8 13.4 45.1 19.0 4.7 
Average 0.3 0.0 19.5 273.1 83.9 4.3 2.4 0.4 29.0 30.6 66.3 26.2 4.7 44.5 6.4 1.6 
                   
  Muscovite/Paragonite 
2 4.5 0.2 225.8 172.1 1802.8 4.3 4.9 8.3 591.5 6.8 15.9 6.4 1.1 45.6 2.0 0.6 
3 6.9 0.2 209.7 100.4 1543.4 29.8 10.2 4.9 598.8 62.0 139.8 50.0 9.5 34.1 14.1 3.6 
4 7.1 0.1 263.8 120.9 2002.8 0.3 6.2 7.5 719.4 0.7 1.7 0.6 0.1 40.0 0.4 0.1 
5 5.9 0.2 262.9 147.1 2008.8 21.5 4.3 6.0 650.2 81.0 189.1 66.8 11.5 49.0 21.8 3.5 
6 7.7 0.1 252.7 108.6 1977.9 0.1 4.2 12.5 715.3 0.3 1.1 0.3 0.0 34.6 0.2 0.1 
7 4.1 0.2 232.0 175.2 1919.2 78.0 10.7 9.1 648.2 275.4 614.2 231.6 40.2 52.0 52.5 13.0 
8 4.1 0.1 171.0 141.5 2218.6 0.8 119.3 1.8 846.8 0.5 3.4 0.5 0.1 54.3 0.3 1.0 
Average 5.4 0.1 231.2 138.0 1924.8 19.3 22.8 7.2 681.5 61.0 137.9 50.9 8.9 44.2 13.0 3.1 
Table 2.4 LA-ICPMS data for sample K93-1s. These were collected using a 675 µm line at 3 0 µ m line size, at 15 µm/sec and 20 Hz. These samples were calibrated to the 
NIST 610 standard. Column ‘87Rb/86Sr’ was calculated using equation 1.3, next column to the right is the standard error for each 87Rb/86Sr calculation. The rest of the 
columns are concentration values in ppm and were calculated by averaging the background corrected and normalized to silica concentration values for the given line. 
Modal Estimate 
Muscovite/Paragonite Biotite Quartz Plagioclase Chlorite Garnet 



















Table 2.5. LA-ICPMS data for sample K92-9i. These were collected using a 675 µm line at 3 0 µ m line size, at 15 µm/sec and 20 




























87Rb ±1σ                
86Sr Rb Sr Ti Y Zr Nb Ba La Ce Nd Sm Pb Th U 
15 0.7 0.6 272.6 1275.0 3266.7 24.7 126.1 6.4 889.2 128.4 290.9 117.5 23.7 88.6 31.6 11.9 
16 0.4 0.6 233.3 6355.5 2383.6 112.0 31.3 5.9 813.7 36.2 75.7 30.5 5.2 376.3 2.2 0.6 
18 0.3 0.2 300.5 1060.5 4068.4 18.6 6.5 48.4 894.7 60.4 133.4 53.0 10.8 64.2 17.5 5.9 
21 0.4 0.2 559.2 47545.5 4321.2 1393.0 420.0 12.9 2349.8 137.2 220.7 91.9 20.5 3257.8 16.9 13.2 
23 0.4 1.8 345.1 67594.4 3102.4 1842.0 671.0 9.9 1474.8 808.1 1531.2 686.2 152.8 4804.2 66.7 54.3 
25 0.7 0.9 864.6 67319.3 255045.2 1455.8 1158.2 321.4 3729.5 443.4 822.4 332.4 72.9 4759.7 36.7 22.3 
26 0.8 0.6 823.9 24251.7 6569.8 785.2 341.2 26.7 3590.5 398.2 875.9 341.7 60.0 1776.6 68.7 16.6 















#1a 380.00 2.5 2518.9 0.9 
#5a 383.49 2.5 2452.3 0.4 
#6a 385.83 2.5 2524.2 0.4 
#7a 383.96 2.4 2414.1 0.4 
#8a 383.34 2.5 2479.9 0.5 
Table 2.6. Model ages for sample K93-1s (a)  calculated using either the matrix 












Table 2.7. This table shows the isotopic composition of the major garnet reactive phases and the resulting effective whole rock compositions the garnet would see during 
its growth. 
*Whole Rock composition calculated using average modal abundances of pelitic schists (Spear et al., 1990) 
**Whole Rock composition calculated using an effective modal abundance of 0% muscovite and either 5% or 10% plagioclase. 




87Rb    87Sr  87Sr  87Sr 
(ppm) (ppm) 86Sr       86srt1      86srt2        86srt3 
Muscovite 250 100 0.81461 0.11253 7.23899 0.00021 0.00031 0.00206 
Biotite 500 10 1.62923 0.01125 144.77975 0.00411 0.00617 0.04112 
Plagioclase 50 400 0.16292 0.45013 0.36195 0.00001 0.00002 0.00010 
Whole Rock* 110 101 0.35843 0.11366 3.15362 0.00009 0.00013 0.00090 
Whole Rock 5% Plag** 50.5 5 0.16455 0.00563 29.24551 0.00083 0.00125 0.00831 







Figure 2.1. Geologic map of western New Hampshire/eastern Vermont. Sample D84-1a is located within the Big Staurolite 
Nappe of the Bronson Hill Belt. MB = Merrimack Belt; BHB = Bronson Hill Belt; EVB = Eastern Vermont Belt; CD = 
Chester Dome; SD = Strafford Dome. Map has been modified from Spear et al. (2002). Inset shows location of map 















































































































Figure 2.3. Sample K93-1s(a). (A) Garnet that was studied outlined in white. (B) Strip that was sub-sampled. Numbering 



























































Figure 2.4. Sample K92-9i. (A) Garnet that was studied outlined in white. (B) Strip that was removed and sub-sampled as 







               
 
Figure 2.5. Photograph of sample K92-9i, showing lines analyzed via LA-ICPMS (short white lines) for trace 





Figure 2.6. Sr-evolution diagram for sample K93-1s. The gray box shows the maximum range of possible ages of 
































             
 
Figure 2.7. (A) Sr-evolution diagram for sample K93-1s(a). Lines M and M3 are matrix compositions measured using ID-
TIMS and line M4 is the matrix composition measured using LA-ICPMS. The gray box shows the maximum range of 
possible ages of metamorphism for this sample. Black square shows area for figure B. (B) A closer look at the where 












































































Figure 2.9. An Sr-evolution diagram showing how the Δt changes as either the matrix 87Rb/86Sr (M1 and M2) or 87Sr/86Sr 
























Figure 2.10. An Sr-evolution diagram showing how the Δt changes as either the matrix 87Rb/86Sr (M1 and M2) 


























Figure 2.11. This model shows Δt vs. matrix 87Rb/86Sr, showing the effect of 87Rb/86Sr on Δt for garnet samples 
K93-1s 1a and 5a. The measured matrix 87Sr/86Sr value for K93-1s ‘M3’ was used to calculate ∆t. Green X 





























Figure 2.12. This model shows Δt vs. matrix 87Sr/86Sr, showing the effect of 87Sr/86Sr on Δt for garnet 





























Figure 2.13. This model shows Δt vs. matrix 87Rb/86Sr, showing the effect of 87Rb/86Sr on Δt for garnet 
samples K93-1s 1a and 5a. Garnet samples have been given similar 87Rb/86Sr ratios. The matrix 87Sr/86Sr 

























Figure 2.14. . This model shows Δt vs. matrix 87Sr/86Sr, showing the effect of 87Sr/86Sr on Δt for garnet 
samples K93-1s 1a and 5a. Garnet samples have been given similar 87Rb/86Sr ratios. The matrix 87Rb/86Sr 






















       
 














































Figure 2.16. This diagram shows the Sr-evolution for a garnet growing over 10 Myr where the effective matrix 
composition is linearly changing. Plagioclase content was modeled as continuously increasing by 1% every 1 
Myr. Each garnet evolution line was modeled every 1 Myr and assumes a negligible Rb/Sr. Bold lines represent 



























Figure 2.17. This diagram shows the Sr-evolution for a garnet growing over 10 Myr where the effective matrix 
composition is changing. Plagioclase content was modeled as geometrically increasing (doubling) every 1 Myr. 
Each garnet evolution line was modeled every 1 Myr and assumes a negligible Rb/Sr. Bold lines represent the 








































Figure 2.18. This graph shows Sr-evolution for garnet reactive matrix phases, the measured whole rock for reactive 
phases, and the effective whole rock composition (5% effective plagioclase and 0% effective muscovite). Mineral 
compositions were calculated using average pelitic schist concentrations (Jenkin, 1997) and whole rock 
compositions were calculated using the mineral compositions (Jenkin, 1997) and average modal abundance 
calculated by Spear et al. (1990). Thick dashed line represents the composition of the matrix during garnet 
growth for geometrically increasing the plagioclase content every 1 Myr. Thick dash-dot line represents the 
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CHAPTER THREE: GARNET DIFFERENTIAL GEOCHRONOLOGY: AN 




Garnet chemistry has proven invaluable for unraveling the metamorphic and 
tectonic history of a region because original compositional and isotopic zoning allows 
one to calculate P-T paths and constrain those paths to an absolute timescale (Christensen 
et al., 1989; Spear and Selverstone, 1989). Christensen et al. (1989) pioneered using the 
rate of garnet growth to calculate rates of tectonometamorphic processes. They 
demonstrated how differences in the 87Sr/86Sr ratio along a single garnet crystal could be 
used to infer the growth rate of that garnet. This method relies on the assumption that 
garnet is growing in equilibrium with and recording the 87Sr/86Sr ratio of the matrix.  Due 
to the decay of 87Rb to 86Sr within the matrix during this time, the garnet core should have 
a lower 87Sr/86Sr ratio than the rim.  
In this study we present Rb-Sr and Sm-Nd data for three garnet crystals. Rocks 
chosen for analysis represent a variety of tectonic settings from across the globe. Here we 
attempt to constrain rates of heating or loading for two well-known metamorphic events. 
We also provide insight into the behavior of Rb and Sr during ultra-high pressure (UHP) 





 Rocks utilized in this study were collected from three orogenic belts: Bronson Hill 
Belt in western New Hampshire, Cordillera Darwin Metamorphic Complex in Tierra del 
Fuego, Chile, and the Dora Maira Massif in the western Alps, Italy. Each sample 
collected contains garnets that are relatively large (> 5 mm), inclusion free, and for 
which, P-T paths have been published. A detailed description of the geologic setting for 
these samples is provided in Chapter One of this thesis.  
 
Western New Hampshire 
Sample: D84-1a 
Sample D84-1a was collected from the Littleton Formation within the Big 
Staurolite Nappe of the Bronson Hill Belt (Figure 3.1). The petrology, mineral chemistry, 
and P-T path were detailed for a different hand sample (D84-1c) of the same rock (Kohn 
et al., (1992). Garnets exhibit decreasing Xsps, increasing Xalm, slightly increasing Xpyp, 
nearly unzoned Fe/(Fe+Mg), and a slight decrease in Xgrs from core to rim. The calculated 
P-T path shows initial heating of about 5 °C and a decrease in pressure of 0.2 kbar, 
followed by nearly isothermal loading that resulted in an increase in pressure of 1.3 kbar 
(Figure 3.2). The isothermal loading represents the bulk of garnet growth (Kohn et al., 
1992). Garnets from within the Big Staurolite Nappe are believed to have grown during 
D1 deformation, between 380 and 405 – 410 Ma (Ashwal et al. 1979; Aleinikoff and 
Moench, 1987; Moench, 1989; Moench and Aleinikoff, 1991; Kohn et al., 1992).  
The garnet crystal analyzed from this rock was ~ 9 mm in diameter and with 
rotated inclusion trails of quartz throughout the crystal. These inclusions were not 
separated from the garnet during sub-sampling because they should not affect the 
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measured isotopic composition of the garnet. The garnet is surrounded by a fine-grained 
matrix of biotite + chlorite + plagioclase + quartz + muscovite + ilmenite. 
 
Tierra Del Fuego, Chile 
Sample: SP9G 
 Sample SP9G was collected from the basement complex within Cordillera Darwin 
(Figure 3.3). Garnet growth occurred mostly during D2 back folding (Kohn et al., 1992). 
Garnets show a core to rim increase in XAlm and XPrp and a decrease XSps, and XGrs, with 
the majority of these variations occurring within 0.5 mm of the rim (Figure 3.4). This 
corresponds to heating of 80-100°C and loading of ~1 kbar during garnet growth (Figure 
3.5; Kohn et al., 1992), mostly over the outer 0.5 mm of the garnet rim. Similar P-T 
histories for rocks throughout the complex have also been published (Kohn et al., 1992). 
Oxygen isotope zoning in garnets is consistent with an absence of fluid infiltration during 
metamorphism (Kohn et al., 1993) 
 The garnet crystal chosen from this rock was approximately 11 mm in diameter 
and was surrounded by a coarse grained matrix composed of biotite + muscovite + 
plagioclase + quartz + staurolite + ilmenite + chlorite. Inclusions in this garnet are mostly 
ilmenite and quartz. 
 
Western Alps, Italy 
Sample: WS 
 A whiteschist (WS) sample was collected from the well-documented Case 
Ramello/Parigi locality within the Brossasco-Isasca Unit (BIU), Dora Maira Massif, 
western Alps (Figure 3.6). Rock units of the BIU consist of augen gneiss grading to 
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medium to fine grained orthogneiss with discontinuous layers of the pyrope-bearing 
whiteschist. Calculated P-T paths for these rocks follow a narrow looped clock-wise path 
(Figure 3.7) in which maximum T is believed to be 750 ± 30 °C (Chopin, 1984) and 
pressures reached the diamond stability field (Chopin, 1984; Chopin and Schertl, 1999; 
Compagnoni and Hirajima, 2001; Herman, 2003; Castelli et al., 2007), which is 
equivalent to a depth of ca. 130 km. Rubatto and Herman (2001), used U-Pb titanite ages 
to constrain peak metamorphism at 35 ± 0.9 Ma.  
The garnet crystal chosen from this rock was approximately ~ 30 mm across, 
however, only a portion of the crystal was collected and its true size is unknown. Because 
the entire crystal was not collected, a total growth duration cannot be calculated, but a 
growth rate may still be determined. The pyrope crystals are surrounded by a matrix of 




Detailed methods for all samples are given in Chapter One of this thesis. Garnet 
samples D84-1a and SP9G were sub-sampled at ~ 1.5 mm increments and resulted in five 
and seven sub-samples, respectively (Figures 3.8 and 3.9). Sample WS was sub-sampled 
twice and resulted in 16 sub-samples (only 6 of which have been analyzed) and two large 
(~ 6 mm3) samples from this garnet (Figure 3.10 and 3.11). One or more garnet-free 
matrix splits from each rock were also sampled.  
The two larger whiteschist sub-samples were first coarsely crushed (~ 0.5 – 1.0 
mm grain size) and magnetically separated to remove any minerals that might affect the 
measured isotopic composition. All garnet sub-samples were powdered and leached with 
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sulfuric acid to remove any phosphate minerals included in the garnet (Anczkiewicz and 
Thirlwall, 2003).  
Samples were spiked, dissolved, and processed through primary cation column 
chemistry at the Boise State University Isotope Geology Lab according to standard 
methods. Rb, Sr, Sm, and Nd fractions were collected and purified for all samples. 
Samples were analyzed via isotope dilution thermal ionization mass spectrometry (ID-
TIMS) at BSU. Model ages were calculated using equations 1.1 and 1.2 defined in 
Chapter One.  
 
LA-ICPMS 
To characterize the composition of the rock matrix, several line analyses were 
collected using the BSU laser ablation inductively coupled mass spectrometer (LA-
ICPMS) across a polished thick section of each rock sample. Lines were collected for 
individual phases within the matrix, particularly emphasizing masses 85 (Rb), 86 (Sr), 87 
(Rb), and 88 (Sr). All lines were background corrected, calibrated to the NIST 610 
standard, and normalized to known silica contents for these minerals (Kohn et al., 1992).  
Using this method, discrete mineral 87Rb/86Sr were calculated and 87Sr/86Sr ratios 
were not. 87Rb and 86Sr were calculated by multiplying 85Rb and 88Sr by the natural ratios 
of 87Rb/85Rb and 86Sr/88Sr. The whole-rock 87Rb/86Sr value was calculated by multiplying 
the 87Rb and 86Sr content of each mineral by its modal abundance, summing over their 










Table 3.1 shows the Rb-Sr data for sample D84-1a. Garnet Rb and Sr 
concentrations range from 0.5 to 57.7 ppm and 1.2 to 162.1 ppm, respectively. The 
matrix for this sample has a Rb concentration of 216.9 ppm and a Sr concentration of 
238.8 ppm. In general matrix concentrations are much higher than those measured for the 
garnet, confirming the assumption that garnet growth did not significantly affect the 
matrix Rb/Sr ratio. Higher concentrations are observed in the garnet sub-sample 1 and 
may have resulted from incomplete separation of the garnet from the matrix, so this 
sample has been discarded. 
The 87Sr/86Sr ratio increases within the garnet from core (4) to rim (2 and 6), as 
expected (Table 3.1). However, for the purpose of this study I focus only on samples 4 
and 5 because of higher than expected 87Rb/86Sr ratios observed within the other garnet 
samples.  Since the garnet samples have variable Rb/Sr, the measured 87Sr/86Sr does not 
reflect the original 87Sr/86Sr zoning. We calculated an initial 87Sr/86Sr, assuming an age of 
380 Ma, to recover the original zoning. The initial 87Sr/86Sr for sub-samples 4 and 5 are 
0.722617 and 0.722830, respectively (Figure 3.12). These data show the expected zoning 
pattern and sub-sample 4 is interpreted to be the garnet core due to the lower 87Sr/86Sr 
ratio. Model ages were calculated using the measured matrix sample ‘M’ for sub-samples 
4 and 5 are 266.7 ± 0.2 and 245.4 ± 0.3 Ma, respectively (Figure 3.12). These absolute 
model ages are over 100 Myr younger than the presumed age of metamorphism, 380 – 
410 Ma; Ashwal et al. 1979; Kohn et al., 1992). The cause of these anomalously young 
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ages, specifically the sensitivity of the assumed matrix Rb/Sr, will be explored in a 
subsequent discussion. 
Based upon the much younger model ages calculated for sample D84-1a, the 
matrix sample analyzed via ID-TIMS may represent only a portion of the total matrix 
reservoir from which the garnet grew. To understand the true composition of the matrix, 
LA-ICPMS has been utilized.  
Using LA-ICPMS the 87Rb/86Sr ratio for D84-1a has been calculated by using a 
weighted average based upon the modal abundance of each phase. Line analyses for 
individual phases and their averages are given in Table 3.2. Modal abundances were 
estimated by combining SEM images with petrography and are given in Table 3. Using 
these data a matrix 87Rb/86Sr ratio of 4.2 ± 0.2 was calculated. 
Sm-Nd isotopic data for the garnet core (3), garnet rim (6), and matrix are given 
in Table 3.2. Concentrations of Sm for the core, rim and matrix are 4.3, 5.1, and 1.7 ppm, 
respectively and concentrations of Nd are 4.9, 1.5, and 26.3 ppm, respectively. The 
143Nd/144Nd ratios for the garnet core and rim are 0.512787 and 0.513110, respectively. A 
core to rim increase in 143Nd/144Nd is observed. These data are consistent with what is 
expected for Sm-Nd data. Sample 6 has a higher Sm/Nd and more radiogenic 143Nd/144Nd, 
which is consistent with radiogenic ingrowth. 
 
Sample: SP9G 
SP9G garnet Rb and Sr concentrations range from 0.3 to 7.6 and 1.5 to 67.1 ppm, 
respectively (Table 3.1). Matrix sample ‘M’ has Rb and Sr concentrations of 272.2 and 
129.7 ppm, respectively. A second matrix sample (M2) was collected and has an Rb 
concentration of 132.7 ppm and an Sr concentration of 79.5 ppm. The higher Rb and Sr 
concentrations within the matrix relative to the garnet confirms the assumption that 
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garnet growth did not affect the matrix Rb/Sr ratio. Concentrations of Sr and Rb within 
the garnet both progressively increase from one rim (1) to the opposing rim (7).  
Initial, rather than measured, 87Sr/86Sr ratios, calculated at 80 Ma, are also 
discussed for this sample (Table 3.1). Sample 1 was discarded due to anomalously high 
87Rb/86Sr . Samples 2 – 6 have similar 87Sr/86Sr ratios of ~ 0.727000 and are interpreted as 
being the garnet core. Samples 1 and 7 represent the garnet rim and have ratios of 
0.723950 and 0.727128, respectively.  
Model ages have been calculated using both matrix compositions (Figure 3.13). 
Using the matrix sample ‘M’ garnet model ages range from 67.0 to 69.4 Ma. This is 
younger than previously interpreted ages ( > 75 Ma; Kohn et al., 1995). Samples 2 – 6 
have similar crystallization ages that average at 68.9 Ma. The rim sample (7) has a 
distinctly younger age of 67.0 Ma. Using the average ‘core’ age and the measured rim 
age a growth rate of 2.17 ± 0.07 mm Myr-1 is calculated. 
Using matrix sample ‘M2’ garnet model ages range from 64.9 to 68.0 Ma and are 
close to ages calculated with matrix ‘M” (Figure 3.13). Samples 2 – 6 also have similar or 
unresolvable model ages with an average of 67.4 ± 0.08 Ma. Sample 7 has a younger age 
of 64.9 ± 0.08 Ma. A growth rate of 1.65 ± 0.05 mm Myr-1 is calculated using the average 
core age and the measured garnet rim age. 
Sm-Nd data for this sample is given in Table 3.2 for garnet sub-samples 1 and 4 
and matrix sample ‘M.’ Sm and Nd concentrations for these samples are 3.52, 11.28, 
12.33 and 12.77, 55.54, 64.46, respectively. The 143Nd/144Nd for the garnet core (4) is 
0.512116 and the rim (1) is 0.512130. These data are also consistent with what is 





The first six analyses collected from sample WS have garnet Rb and Sr 
concentrations ranging from 0.01 to 0.1 and 0.09 to 0.2 ppm, respectively (Table 3.1). 
The matrix sample collected for this rock has a Rb concentration of 158.3 ppm and a Sr 
concentration of 129.7 ppm. Calculated initial garnet 87Sr/86Sr ratios range widely from 
0.724944 to 0.780128, with a systematically inverse pattern of decreasing 87Sr/86Sr from 
core to rim. Model ages are also inversely zoned and range from 26.0 Ma in the garnet 
core to 123.8 Ma at the garnet rim. 
Because Sr concentrations are low, the WS garnet was re-sampled, resulting in 
two larger samples (~ 6 mm3; Table 3.1). The Rb and Sr concentrations within these two 
samples are 0.3 and 0.1 to 0.16 ppm, respectively, similar to the previously analyzed WS 
samples. Initial 87Sr/86Sr ratios are also consistent with the previous WS analyses, with an 
observed decrease in 87Sr/86Sr from core (0.761662) to rim (0.736470). Using measured 
matrix, the garnet rim sample (1a) has a model age of 102.2 ± 0.05 Ma whereas the core 




 Results from ID-TIMS analysis on D84-1a sub-samples 4 and 5 indicate the 
expected 87Sr/86Sr zoning, but matrix data yielded model ages around 250 Ma, which are 
~ 150 Myr younger than the known age of metamorphism (< 405-410,  > 380 Ma; 
Ashwal et al. 1979; Kohn et al., 1992). The matrix data collected must not represent the 
reservoir from which the garnet grew. If the growing garnet was not equilibrating with 
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every phase within the matrix then measured whole rock would not be accurate. The 
discussion section within Chapter Two of this thesis highlights this process in more 
detail, but simply states that the garnet may only equilibrate with 5 – 10 % of the total 
plagioclase and even less with the total muscovite. Romer and Rotzler (2011) have also 
proposed a similar idea. If this is the case, then measured whole rock compositions 
provide a drastic under estimate of the Rb/Sr from which the garnet grew and results in 
much younger ages.  
Due to these anomalously young ages, a second matrix composition was 
measured using LA-ICPMS. Since LA-ICPMS cannot be used to estimate the matrix 
87Sr/86Sr, this ratio was estimated so that the garnet rim gave a value of ~ 380 Ma. Using 
this matrix composition model ages for samples 4 and 5 are 385.3 and 380.0 Ma (Figure 
3.16). Using these model ages a growth rate of 0.24 mm Myr-1 is calculated. Dividing the 
growth rate by the garnet radius results in a growth duration of 14.6 Myr, assuming 
constant radial growth. Garnet growth is interpreted to have taken place over nearly 
isothermal loading of 1.3 kbar, implying a loading rate of 0.1 kbar Myr-1 (0.3 km Myr-1).  
The rates measured for this sample are similar to several other attempts made 
using this method (Christensen et al., 1989; Burton and O’Nions, 1991; Wright et al., 
2009) and are fairly robust estimates. Christensen et al. (1989) used garnets collected in 
eastern Vermont and measured a growth duration of 10.5 ± 4.2 Myr. Wright et al. (2009) 
also used garnets from eastern Vermont to measure the rate of garnet growth. They 
calculated growth durations of 7.2 ± 6.0 and 7.2 ± 4.5 Ma. Burton and O’Nions (1991) 
used garnets from two distinct units in Sulitjelma, Norway to calculate burial rates of 0.8 





Model ages of 67 to 69 Ma using both matrix samples are younger than previous 
estimates (≥ 80 – 90 Ma) and even younger than 40Ar/39Ar cooling ages (Kohn et al., 
1995). These apparently younger ages may also be the result of the matrix data 
incompletely representing the effective matrix from which the garnet was equilibrating 
with during its growth.  
The inner garnet samples (~ 43 % total garnet by volume) have ages that are 
within one million years of each other, indicating rapid growth (≤ 1 Myr). Garnet growth 
then appears to have slowed down during the growth of the outer ~ 1 mm (~50 % of total 
garnet by volume), taking 1.9 to 2.5 Myr to crystallize. When comparing the model ages 
to the P-T path calculated for this sample, it appears the inner garnet grew rapidly over 
nearly constant P-T conditions and garnet rim grew more slowly during heating and 
loading of 80 to 100 ºC and ~1 kbar. Using the calculated growth rates (1.65 to 2.17 mm 
Myr-1), the average rate of heating and loading is calculated at 25 to 50 ºC Myr-1 and 0.3 
to 0.4 kbar Myr-1 (~ 1.0 to 1.3 km Myr-1), respectively. The heating rate calculated for this 
sample is faster than previous measurements of rates of regional metamorphism using 
differential garnet chronology (Christensen et al., 1989, 1994; Vance and Onions, 1990; 
Burton and O’Nions, 1991), but the loading rate agrees with previous estimates in other 
orogens. Ague and Baxter (2007) have proposed brief thermal pulses within classic 
Barrovian settings based on Sr diffusion profiles in apatite and Fe-Mg-Mn-Ca diffusion 
profiles in garnet. The results of their study indicate thermal pulses can occur within sub-
million year timescales.  This study also indicates that garnets have the potential to grow 
within sub-million year timescales, but in this case a change in conditions (P, T, and/or 
X) caused the growth rate to slow down during the growth of the garnet rim, resulting in 
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a total growth duration of a few million years. Pollington et al. (2010) have documented 
garnets with variable growth rates.  
 
Sample: WS 
 A systematic decrease in 87Sr/86Sr and increase in model age is observed from core 
to rim in both data sets (Table 3.1). This trend is opposite of expectations of garnet 
growth models (Christensen et al., 1989; Kohn, 2008) and indicates either the garnet did 
not grow in equilibrium with the matrix or that the composition of the matrix was 
changing during garnet growth by the addition of unradiogenic Sr to the reacting 
assemblage. The later hypothesis seems most likely since metasomatism is also 
interpreted to have occurred during metamorphism (Compagnoni and Lombardo, 1974; 
Gebauer et al., 1997; Compagnoni and Hirajima, 2007; Castelli and Compagnoni, 2009) 
and Rb and Sr are highly mobile elements.  
Similar rocks within a shear zone in the northern Alps are hypothesized to have 
been metasomatized by fluids derived from the devolitization of serpentinite from a 
nearby metaophiolite (Barnes et al., 2004) and a similar process may have also been 
responsible for metasomatism of the Dora Maira Massif. The Piemonte zone adjacent to 
DMM contains several Mesozoic metaophiolites. If these rocks provided the metasomatic 
fluids to the DMM then this may explain the lack of Ca and Sr and relative enrichment in 
Mg within the rocks, since the fluids are derived from a Ca depleted and Mg enriched 
source. This may also explain an apparent decrease in the overall 87Sr/86Sr ratio within the 







 The results of this study give insight into rates of heating and burial for two well 
known orogenic belts. Results for sample D84-1a indicate isothermal loading of 0.3 km 
Myr-1 within the Big Staurolite Nappe of the BHB western New Hampshire. The second 
sample (SP9G) indicates heating and burial rates of 25 to 50 ºC Myr-1 and 0.3 to 0.4 kbar 
Myr-1, respectively for the CDMC, Tierra del Fuego, Chile. Garnets in the CDMC grew 
in two stages, where the garnet core grew rapidly over relatively steady P-T conditions, 
while the garnet rim grew at a slower rate over an increasing pressure and temperature of 
~1 kbar and 80 – 100 ºC, respectively. This may be due to an overstepping of the garnet 
forming reaction, so the garnet grew at nearly constant P-T conditions until it equilibrated 
with the matrix. Peak metamorphism within the CDMC has yet to be directly dated. Both 
D84-1a and SP9G samples have measured matrix data which yield younger absolute 
model ages than expected crystallization ages and may be the result of this data 
overestimating the total plagioclase and muscovite content the garnet equilibrated with. A 
detailed description of this process is given in the discussion section in Chapter Two of 
this thesis. 
The results of this study also give insight into the behavior of Rb and Sr during 
UHP metamorphism and metasomatism. Growth of a pyrope crystal within the well-
known whiteschist of the Dora Maira Massif appears to have taken place during a 














87Rb ± 2σ  








(Ma) 86Sr 86Sr 86Srt 
D84-1a 
1 0.002 57.7 162.1 1.0297 0.0010 0.732045 6 0.726106 50.9 0.2 - - 
2 0.011 20.1 12.6 4.5912 0.0046 0.740680 8 0.714200 267.7 0.4 - - 
3 0.007 4.3 8.0 1.5549 0.0016 0.728885 9 0.719917 282.8 0.6 - - 
4 0.001 11.1 103.2 0.3112 0.0003 0.724413 10 0.722617 266.7 0.2 - - 
5 0.003 7.8 42.7 0.5272 0.0005 0.725870 13 0.722830 245.4 0.3 - - 
6 0.007 0.5 1.2 1.0700 0.0011 0.728097 20 0.721925 230.4 0.5 - - 
 M 0.058 216.9 238.8 2.6276 0.0026 0.733201 8 0.721520 - - - - 
SP9G 
1 0.006 0.6 1.5 1.0581 0.0011 0.725002 220 0.723950 111.1 2.3 123.2 3.1 
2 0.015 0.3 8.9 0.0904 0.0001 0.727072 5 0.726982 68.8 0.1 67.3 0.1 
3 0.021 0.3 14.2 0.0639 0.0001 0.727002 6 0.726938 69.3 0.1 67.9 0.1 
4 0.026 0.9 31.5 0.0789 0.0001 0.727105 8 0.727026 68.3 0.1 66.6 0.1 
5 0.019 1.5 35.1 0.1213 0.0001 0.727098 6 0.726978 68.9 0.1 67.3 0.1 
6 0.012 2.5 48.9 0.1477 0.0001 0.727095 7 0.726948 69.2 0.1 67.8 0.1 
7 0.015 7.6 67.1 0.3260 0.0003 0.727452 6 0.727128 67.0 0.1 64.9 0.1 
M2 0.052 132.7 79.5 4.8258 0.0048 0.731599 7 0.726799 - - - - 
M 0.111 272.2 129.7 6.0731 0.0061 0.732922 6 0.726883 - - - - 
W.S. 
1 0.003 0.1 0.1 1.4434 0.0014 0.725565 316 0.724944 123.8 0.3 - - 
2 0.012 0.0 0.2 0.4727 0.0005 0.734708 30 0.734500 105.0 0.1 - - 
3 0.009 0.0 0.2 0.2958 0.0003 0.735574 30 0.735442 103.1 0.1 - - 
4 0.012 0.1 0.1 2.4285 0.0024 0.741059 120 0.740018 98.8 0.1 - - 
5 0.013 0.0 0.1 0.5884 0.0006 0.766100 81 0.765843 50.8 0.1 - - 
6 0.010 0.0 0.1 0.3052 0.0003 0.780264 142 0.780128 26.0 0.1 - - 
M 0.051 158.6 11.2 41.0843 0.0411 0.795310 9 0.777799 - - - - 
1a 0.241 0.0 0.1 0.8697 0.0009 0.736890 10 0.736470 102.2 0.05 - - 
2a 0.139 0.0 0.2 0.4468 0.0004 0.761877 12 0.761662 57.9 0.03 - - 
Table 3.1 Rb-Sr isotopic values measured for D84-1a, SP9G, and W. S. Positions of each sample within the 
garnet are illustrated in figures 3.13 – 3.16.  
*Model ages are calculated using the matrix isotopic composition measured for the related sample.  



































Table 3.2. Sm-Nd isotopic values measured for D84-1a and SP9G. Positions of each sample within the garnet are 
illustrated in figures 3.13 – 3.16.  
 
 
Sample Sm (ppm) Nd (ppm) 
147Sm ± 2σ  
143Nd  ± 2σ  144Nd 144Nd 
D84-1a 
3 4.30 4.89 0.5316 0.0011 0.512787 0.000027 
6 5.09 1.45 2.1139 0.0042 0.513110 0.000060 
M 1.68 26.32 0.0386 0.0001 0.512018 0.000003 
SP9G 
1 3.52 12.77 0.1666 0.0003 0.512130 0.000005 
4 11.28 55.54 0.1228 0.0002 0.512116 0.000003 






87Rb ±1σ 86Sr ±1σ Ti Y Zr Nb Ba La Ce Nd Sm Pb Th U 
3 343.6 6.3 0.1 0.0 9696.4 0.8 1.5 46.9 386.5 4.1 4.2 4.6 0.9 9.4 1.2 1.1 
4 216.1 15.0 0.1 0.0 6188.4 1.7 4.1 28.3 232.9 35.1 51.1 26.0 3.3 7.8 3.8 1.3 
6 359.6 14.7 0.3 0.1 10273.7 2.8 30.8 70.4 406.7 18.3 11.8 12.8 2.3 10.6 4.9 2.0 
7 319.3 15.1 0.2 0.1 10777.1 1.3 2.4 54.3 426.8 7.4 7.1 8.4 1.7 12.9 1.9 1.0 
9 342.7 9.5 0.7 0.1 9114.1 1.0 2.2 42.5 456.4 5.6 5.2 6.3 1.1 11.0 1.7 0.4 
10 391.0 7.6 0.1 0.0 9360.2 1.2 3.3 44.6 417.9 8.4 7.7 8.6 1.6 10.8 1.4 0.6 
12 229.4 17.5 2.5 0.3 4452.6 1.7 4.7 26.1 606.9 5.0 6.6 4.5 0.9 18.4 5.3 2.5 
14 179.7 11.1 1.0 0.2 5306.1 1.1 10.3 24.6 311.3 5.4 5.7 4.9 1.2 12.8 7.1 1.0 
15 292.1 4.9 0.2 0.0 8173.1 0.8 4.0 39.2 325.7 4.2 5.6 3.9 0.8 10.4 5.9 0.7 
Average 297.0 11.3 0.6 0.1 8149.1 1.4 7.0 41.9 396.8 10.4 11.7 8.9 1.5 11.6 3.7 1.2 
                                  
  Muscovite 
3 82.0 7.6 0.0 0.0 1699.4 0.2 0.9 7.5 60.7 0.7 0.6 0.6 0.0 2.0 0.2 0.2 
12 95.1 2.0 4.1 0.3 1394.6 0.3 1.6 12.4 831.2 10.2 23.9 12.6 3.0 43.1 842.1 161.8 
14 80.4 5.5 3.7 0.2 1457.1 0.9 20.0 12.0 644.6 2.2 3.1 2.3 0.5 23.0 5.0 0.9 
Average 85.8 5.1 2.6 0.2 1517.0 0.5 7.5 10.6 512.1 4.4 9.2 5.2 1.2 22.7 282.4 54.3 
                  
  Plagioclase 
5 3.3 0.7 33.3 0.9 49.0 1.9 32.7 - 16.7 1.4 1.8 1.4 - 79.5 1.3 0.6 
8 1.0 0.5 35.9 1.3 3.3 - 0.3 - 24.0 0.5 0.5 - - 69.0 0.1 0.1 
11 6.1 1.8 32.5 1.7 14.8 1.5 1.3 - 15.4 2.5 55.5 1.5 - 80.9 1.0 0.3 
13 3.8 0.4 32.6 0.6 15.5 0.5 2.6 0.1 20.0 2.0 2.5 2.2 0.5 80.2 2.8 1.3 
Average 3.6 0.9 33.6 1.1 20.7 1.3 9.2 - 19.0 1.6 15.1 1.7 - 77.4 1.3 0.6 
                  
  Chlorite 
  6.1 1.7 18.1 2.5 363.9 0.4 4.5 0.7 50.5 1.6 2.2 1.2 0.0 51.8 1.3 0.2 
  6.0 0.7 17.0 3.1 643.9 0.2 2.0 0.8 36.8 2.1 1.8 1.5 0.3 36.9 1.7 0.2 
Average 6.0 1.2 17.5 2.8 503.9 0.3 3.2 0.7 43.6 1.8 2.0 1.4 0.2 44.4 1.5 0.2 
                
 Apatite 
  110.9 40.1 22.1 4.6 - 380.9 125.4 24.1 347.6 1081.3 1904.8 799.1 144.9 578.0 853.8 146.1 
 
Table 3.3. LA-ICPMS results for individual phases within sample D84-1a. Lines were analyzed using a 675 µm line at 3 0 µ m line size, at 15 µm/sec and 20Hz. These samples 









Quartz Plagioclase* Biotite* Chlorite* Muscovite* Garnet Accessory 
22 % 33 % 16 % 10 % 7 % 2 % 2% 
 
Table 3.4. Modal abundances for sample D84-1a. Estimates were made using SEM backscattered imagery and 
thin section analysis.  





Figure 3.1. Geologic map of western New Hampshire/eastern Vermont. Sample D84-1a is located within the Big 
Staurolite Nappe of the Bronson Hill Belt. MB = Merrimack Belt; BHB = Bronson Hill Belt; EVB = Eastern 
Vermont Belt; CD = Chester Dome; SD = Strafford Dome. Map has been modified from Spear et al. (2002). 





































Figure 3.2. P-T path of sample D84-1c and therefore D84-1a, as they are the same rock. Box indicates possible P-
T conditions during retrograde metamorphism. Aluminosilicate phase diagram for reference (Holdaway, 1971). 












Figure 3.3. Geologic map of the Cordillera Darwin metamorphic complex and location of sample SP9G. 







































Figure 3.4. Compositional zoning of garnet core-rim from sample SP9G. Shaded region represents the portion of 











































Figure 3.5. P-T path of sample SP9G, which took place during the growth of the garnet rim. Aluminosilicate 















































Figure 3.7. Estimated P-T paths of the Alpine UHP metamorphism of the Brossasco-Isasca Unit, Dora Maira 
Massif. Modified from Castelli et al. (2007). Dashed curve is the P-T path calculated by Chopin and Schertl 
(1999), dash-dot curve is the P-T path calculated by Herman (2003), and solid line is the P-T path calculated by 






































































Figure 3.8. Sample D84-1a. (A) X-ray map of garnet; shadow across center of garnet is an artifact of poor 
polishing. (B) Strip that was removed and sub-sampled as labeled. Red lines in lower picture indicate edge of 





































































Figure 3.9 Sample SP9G. (A) Garnet that was studied outlined in white. (B) Strip that was removed and sub-






























Figure 3.11. Sample W.S. with the two larger samples cut from this garnet outlined in white. Red line shows 















Figure 3.12. Sr-evolution diagram for sample D84-1a. Matrix line M is the matrix composition measured via ID-
TIMS and matrix line M2 was the matrix composition measured using LA-ICPMS. The red box indicates the 
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